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Relativistic Electron Scattering

¢ and nuclear substructure :
4-momentum transfer q2 = -4 EE'sin” 5

Heavy, spinless _ : E
e faclous Q°: -(4-momentum)® oinclike target Lt
of the virtual photon B st 0
O~ he q
Differential Cross Section A
( do ) 4z 202 E?
dQ/ Mot q*
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Relativistic Electron Scattering

¢ and nuclear substructure :
4-momentum transfer q2 = -4 EE'sin” 5

Heavy, spinless _ : E
e faclous Q°: -(4-momentum) ,oinclike target L
of the virtual photon - Sy 0
O~ he q
Differential Cross Section A
( do ) _ 4Z°%a*FE?
A/ Mott q*

do do 2
AT P F
dQ (dQ )M 2
As Q increases, nuclear size modifies formula
F(a) = [ e p(r)as

Neglecting recoil, form factor is the
Fourier transform of charge distribution
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Relativistic Electron Scattering

¢ and nuclear substructure

UL
4-momentum transfer q° =-4EE'sin" —
Heavy, spinless B
e aucleus ?: -(4-momentum)? point-like target "
of the virtual photon - Sy 0
ﬁ !
0 hc \ :
Differential Cross Section A
(d(f) £ 4Z2O(2E2 — — Experiment
dQ/ mott q*

--  Mean Field Theory

do do 9
w=(a) 7o

As Q increases, nuclear size modifies formula

F(q) e lp(r)dr

Neglecting recoil, form factor is the
Fourier transform of charge distribution
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Relativistic Electron Scattermg

and nucleon substructure e
1=Q2%/4M?

20 0 [1+27%an2(9/2)}

DEE I Spin-1/2
dﬂ dﬂ Mott

nucleon
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Relativistic Electron Scattermg

and nucleon substructure e
1=Q2%/4M?

do do % Spin-1/2
b 1+ 27tan?(9/2 P

dQ dﬂMott{ = EL ( / )} nucleon
do do E’

dQ dQu.. E

If proton is not point-like: The
electric and magnetic form factors Gg

and G, parameterize proton substructure.
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Relativistic Electron Scattermg

and nucleon substructure e
1=Q2%/4M?

do do 7 Spi
n-1/2
sl il e ) pin=l/
dQ  dQ o nucleon
\ ‘ ELECTRON SCATTERING
10-2° FROM HYDROGEN ——
\ (188 MEV LAB)
do do E 2(9/2) \~ 1960
— an
dQ dQ o E : : (c)
POINT CHARGE,
g 107 POINT MOMENT —
7 - . (ANOMALOUS)
If proton is not point-like: The o CURVE —
electric and magnetic form factors Gg «.“g
and Gy parameterize proton substructure. = T(az:unve N
= e N\ %
9 10 31 ~]
5 %}\]\
ul EXPERIMENTAL CURVE {\\\§
» Nl
2y (b) ~
g oon/ P
CURVE N
107 |

30 50 70 90 1]e] 130 150
LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Relativistic Electron Scattering

and nucleon substructure e

1=Q?/4M?
do do % R Y
=2 7 114 24%an%(6/2)) Pzl
dQ  dQ o e nucleon
\ e ELECTRON SCATTERING
10729 FROM HYDROGEN ——
\ (188 MEV LAB)
do 2 \ 50 1960
= an”(6/2 \
ds? o/ )} - ' (c) <
INT/CHARGE,
a 107%° MT«
. . . = (AOMALOYS)
If proton is not point-like: The ww CURVE > \._
electric and magnetic form factors Gg &5
and G, parameterize proton substructure. ‘z’
z N
5 10~3 A \\}\ \\\
5 \>>\]\
u EXPERIMENTAL CURVE ~ 3\ Ny
It isn’t Mott, nor Dirac, nor modified #, AN
3 1 X
Dirac with Gg(0)=1 and G(0)=2.79... g DIRAC \
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107 |

30 50 70 90 o 130 150
LABORATORY ANGLE OF SCATTERING (IN DEGREES)

Krishna S. Kumar Parity-Violating Electron Scattering 5



Relativistic Electron Scattering

and nucleon substructure e

1=Q?/4M?
do do T v
L a0/ Spin=Y e
dQ  dQwvots e nucleon
\ V17 | eLectron scatTerin
10729 FROM HYDROGEN ——
\ (188 MEV LAB)
do do E’ NG~
P anZ (9/2) \ 1960
dQ dQ o E : : (c) <
INT/CHARGE,
a 107%° MT«
2 8 . & (AIOMALOUS)
If proton is not point-like: The ww CURVE - \_
electric and magnetic form factors Gg &g v
and G, parameterize proton substructure. "z’ N
z N\
5 10~3! S \\}\ \\\
5 %}\]\
u EXPERIMENTAL CURVE ~ 3\ Ny
It isn’t Mott, nor Dirac, nor modified # AN
4 1 X
Dirac with G;(0)=1 and G,,(0)=2.79... g DIRAC %
/CURVT\ \
L] [ ] @ '0.32
the proton has finite size 307 8077~ 0.4 780~ N0 - 1307180

LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Weak Interactions

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
v C Universal strength: coupling constant Gr
GF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays
.ﬁﬁ ONi
€ iat0Co
Ve
Weak decay of

60Co Nucleus
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Weak Interactions

Observed NOT to be invariant under parity transformations

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
v C Universal strength: coupling constant Gr
XGF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

i2a00NI
parity transformation (reflection) e/

:2360C 0o

XYl =2 =X, =Y, =% ive
| . | | Weak decay of
y 60Co Nucleus

p=—p
E =
5= 5
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Weak Interactions

Observed NOT to be invariant under parity transformations

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
v C Universal strength: coupling constant Gr
XGF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

Ble Magnetic

2a400Ni
parity transformation (reflection) e/

~— :i’g:oCo ghis
Beta emission is
e e P e =L T preferentially in
X ’ y 9Z X p) y > Z Ve the direction &0
opposite the Co

nuclear spin, in

Nuciear
spin

Weak decay of violation 0‘1
13 En Meakdecay of b
party.
LR i observed anisotropy in bl \
sl beta-emission when nuclei o™ MNivesv,
=/ =2 aligned to a magnetic field \
= Ay . \
= [ ] [ ] [ ] [ ] .
e signature of parity violation ¢ |

Krishna S. Kumar Parity-Violating Electron Scattering 6



A Classic Paper

After V-A theory was proposed to explain
parity-violation in weak interactions....

LETTERS TO THE EDITOR

PARITY NONCONSERVATION IN THE
FIRST ORDER IN THE WEAK-INTER-
ACTION CONSTANT IN ELECTRON

SCATTERING AND OTHER EFFECTS

Ya. B. ZEL’ DOVICH

Submitted to JETP editor December 25, 1958

J. Exptl. Theoret. Phys. (U.S.S.R.) 36, 964-966
(March, 1959)
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Brilliant Speculation

Is Electron Scattering Parity-Violating?

WE assume that besides the weak interaction
that causes beta decay,

g (PON)(e” Ov) + Herm. conj., (1)
there exists an interaction

g (POP) (e 0e™) (2)

with g = 1074® and the operator O = Yu (1+iys)
characteristic! of processes in which parity is not
conserved.*

Then in the scattering of electrons by protons
he interaction (2) will interfere with the Coulomb
Lcattering, and the nonconservation of parity will
appear in terms of the first order in the small
lauantitv_g.| Owing to this it becomes possible to
test the hypothesis used here experimentally and
to determine the sign of g.

In the scattering of fast (~ 10° ev) longitudi-
nally polarized electrons through large angles by
unpolarized target nuclei it can be expected that
the cross-sections for right-hand and left-hand
electrons (i.e., for electrons with o+p > 0 _and
og+p < 0) can differ by 0.1 to 0.01 percent} Such
an eiifect 1s a specilic test Ior an interaction not
conserving parity.

v A il m  mmaa-
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Brilliant Speculation

Is Electron Scattering Parity-Violating?

WE assume that besides the weak interaction Neutron ﬁ D ecay
that causes beta decay,

Electron-proton
Weak Scattering

g (PON) (¢~ Ov) + Herm. conj., (1) Vv C 2 e e

there exists an interaction G F ;> G F
g (POP) (¢70¢) 2) n p p p

with g = 1074® and the operator O = Yu (1+iys)

characteristic! of processes in which parity is not 2

conserved.* G o|A + A |
Then in the scattering of electrons by protons EM

weak

|the interaction (2) will interfere with the Coulomb ~lA |2 A A*
scattering, and the nonconservation of parity will EM + EM’ " weak
appear in terms of the first order in the small ] _ _
lauantitv_g.| Owing to this it becomes possible to Parity-violating

test the hypothesis used here experimentally and

to determine the sign of g.
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unpolarized target nuclei it can be expected that \
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Neutron B Decay Electron-proton

Weak Scattering
Vv C e e
G F ;> GF
n p 4 4

|2

weak

o « AEM+ A

weak

~|A,, |2+[2AEMA* .

Parity-violating

_ 04O, __
G§+G‘

APV ALR

e 4-momentum transfer

longitudinally e 6
polarized ¢ \_ | Q2 = 4EE : Sin2 T
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Parity Violation Signature

How to observe parity-violation in electron scattering

)

longituainaily

polarized

\_
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—
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Parity Violation Signature

How to observe parity-violation in electron scattering

& ey s e 2) (i
| )
e i : : D \ - rotation | ,- <

longituainaily \ ! ’I I o ’

reflectiop
e I\ 2 : \

NG oy \& J \_

polarized

*One of the incident beams longitudinally polarized
*Change sign of longitudinal polarization
Measure fractional rate difference
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Parity Violation Signature

How to observe parity-violation in electron scattering

% D ) %
| By

e : : p p rotation e~
longitudinally reflectiop
polarized e , |
& 2]

& J . J -

*One of the incident beams longitudinally polarized
*Change sign of longitudinal polarization
Measure fractional rate difference

The matrix element of the Coulomb scattering
is of the order of magnitude e®/k?, where k is
the momentum transferred (i =c =1). [Conse- |
quently, the ratio of the interference term to the
Coulomb term is of the order of gk%/e®. [Substi-
tuting g = 10 °/M?, where M is the mass of the
nucleon, we find that for k ~ M the parity non-
conservation effects can be of the order of 0.1 to
0.01 percent.
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Parity Violation Signature

How to observe parity-violation in electron scattering

4 D . e B 4 2)
. E 1: _ |rotation e~

longiaad i WL» ey e

polarized \e_ X . : \p \e_

. J \_ J \ J

*One of the incident beams longitudinally polarized
*Change sign of longitudinal polarization
Measure fractional rate difference

The matrix element of the Coulomb scattering

is of the order of magnitude e®/k?, where k is - A o
the momentum transferred (i =c =1). [Conse- APV — G* O ~ _ Wweak ~ GF Q

quently, the ratio of the interference term to the _|_ G A

Coulomb term is of the order of gk?/e®. [Substi- G* * EM 4 T O
tuting g = 107°/M*, where M is the mass of the 7 )

nucleon, we find that for k ~ M the parity non- A PV "~ 10 s Q (GeVZ)
conservation effects can be of the order of 0.1 to

0.01 percent.
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Parity Violation Signature

How to observe parity-violation in electron scattering

& ey s e 2) (i 2)
| )
e i : : D \ - rotation |- i D

longituainaily \ ! ’I I o ’

reflectiop
e e \e'

polarized

\_ / \_ 7 \_
*One of the incident beams longitudinally polarized
*Change sign of longitudinal polarization
*Measure fractional rate difference
The idea could not be tested A 5
for 2 decades: O,- O G
Two different happenstances aligned A —_ —u ~ __Wweak ~ F_Q
to bring about a landmark experiment G*"‘ G* AEM 41 0L

Apy~ 107" Q*(GeV?)
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Electroweak Unification?

Similar to the landmark unification of electric and magnetic forces via Maxwell’s Equations

\Y €
Early 1950s: attempts to describe
Gr weak and electromagnetic interactions
n p in a unified framework

Weak interactions are short range
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Gr weak and electromagnetic interactions
n p in a unified framework
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massive force carriers are W V= 1 ¢ e [-0.45 (attometer)! x r] é @

bosons ~ 80 GeV Ame, 1
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Gr weak and electromagnetic interactions
n p in a unified framework

Weak interactions are short range :
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Weak interactions are parity-violating
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Electroweak Unification?

Similar to the landmark unification of electric and magnetic forces via Maxwell’s Equations

\Y €
Early 1950s: attempts to describe
Gr weak and electromagnetic interactions
n p in a unified framework

Weak interactions are short range

1 g e [-0.45 (attometer)! x r] é @

massive force carriers are W V= 1
bosons ~ 80 GeV 43-580 7

~
‘\

1 ~ *
I Y

I
e- I
I
I

Weak interactions are parity-violating

| |

B b —r—* °
(V-A) | reflectioh I
matter particles Mirror reflection flips sign of helicity l v ! le-
z ~<_ 1
have spin = 1/2 Left-handed <:> right-handed observed ~ not observed
s : 60 60N;
h=— f — ol Only left-handed particles {é" 1%’
‘S ‘ P can exchange W bosons
ha.n coledne.ss o.r (right-handed anti-particles) w elfeft_handed elecjm)n :
helzczty/ Chll‘allty \—/rzght-handed anti-neutrino

R
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Happenstance #1

Deep Inelastic Scattering

...and the birth of polarized electron beams

W = Mass of recoiling fragments

M. Briedenbach et al,
Phys Rev Lett 23, 935 (1969)
| | 1

; T T T T ]
i 8:10° .
;\ « — W=2 GeV

\ « ---W=3 GeV

\—\ “—-W=350Gev |
o'k \

T T T 1TTT1TT]

-~i

.‘o: -
=
Tt; 10 = \—_
03k N ELASTIC |
E “\_SCAT TERING E
" "\. |
i N |
\‘

04 Nl 1 I I Lo

0 [ 2 3 4 5 6

a2 (Gev/c)®
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Happenstance #1

Deep Inelastic Scattering

...and the birth of polarized electron beams

' : 3, 10
need to measure both scattering angle and scattered momentum E A
electrons are hitting structureless objects that have 0
negligible size! bé-
N 10'2:—
-
l0‘3:
:
04 A |
0 | 2
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W = Mass of recoiling fragments
M. Briedenbach et al,

T

|

Phys Rev Lett 23, 935 (1969)

T

|88 T

8:10°

* — W=2 GeV
« ---W=3 GeV

N ELASTIC
“\_SCAT TERING

.
.

N
N

1 1 IS N

3 4 5 6
a2 (GeV/c)®

s == W=35 GeV

[
’
i
/ |
ol Lol Lol

-~i



Happenstance #1

Deep Inelastic Scattering

...and the birth of polarized electron beams

O-I

need to measure both scattering angle and scattered momentuml

electrons are hitting structureless objects that have )
negligible size! 2

High scattering rates possible at high Q?!
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Happenstance #1

Deep Inelastic Scattering

...and the birth of polarized electron beams

W = Mass of recoiling fragments

M. Briedenbach et al,
Phys Rev Lett 23, 935 (1969)
| | 1

T T T

T

X 6:10°
;\ « — W=2 GeV
R . We3 GeV

iFs , \—\ “--W=350eV |
o'\ g
need to measure both scattering angle and scattered momentum » =SS, -

electrons are hitting structureless objects that have )
negligible size! 2

High scattering rates possible at high Q?!

i ‘

In order to probe the quark ‘°‘3E \-E\L’;SJ,L‘;TER.NG :
structure of hadrons: - \.\ 1
it ~

motivation for the development of _ .

I T e
(

polarized electron beams ; 3
q¢ (GeV/c)

Birth of high energy spin physics

Krishna S. Kumar Parity-Violating Electron Scattering 11



Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

Gargamelle finds one v, e-

The Z boson incorporated event in 1973|
(two more by 1976)
5 M
¥ e o7

Charged Current Neutral Current
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

The Z boson incorporated

w

M w*

Charged Current

Krishna S. Kumar

Gargamelle finds one v, e~ |

event in 1973!
(fwo more by 1976)

A
M 7
Neutral Current
Left- Right-
gr dRr
B2 )
vy Charge O,il,ig,ig 0,:1,¢§,¢§
W Charge s ,_,% e
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

The Z boson incorporated

w

M w*

Charged Current

Krishna S. Kumar

Gargamelle finds one v, e~ |

event in 1973!
(fwo more by 1976)

A
N
Neutral Current

Left- Right-
gr dR
B2 )
vy Charge 0,+1,+ E’i - 0,1+ 3
W Charge [ S i% =7 ]‘
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

Gargamelle finds one v, e~ |

The Z boson incorporated event in 1973|
(two more by 1976)

’@/u %/m
i w* M VA

Charged Current Neutral Current

One free parameter: the weak mixing angle Ow introduced

Left- Right-
gr dR
| F255;
vy Charge O,il,ig,ig 0,:1,¢§,¢§
W Charge T - i% a7 ]‘
Z Charge T-qg sin’ 6. —q e 0, ]
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

Gargamelle finds one v, e~ |

The Z boson incorporated event in 1973|
(two more by 1976)
5 At
Nt oW N 7t

Charged Current Neutral Current

One free parameter: the weak mixing angle Ow introduced

Left- Right-
gr IR

| FE i)

y Charge 0”—“1,’—“5’1 % daleeiie
W Charge r T = ,_,l Zero ]‘

; i 2
Vector Coupling gv = gr + g1, L

Axial Vector Coupling g, = gr — g1, Z Charge T —gsin® 0,, —gsin’ 0,, ]
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

Gargamelle finds one v, e~ |

The Z boson incorporated event in 1973|
(two more by 1976)
5 At
Nt oW N 7t

Charged Current Neutral Current

One free parameter: the weak mixing angle Ow introduced

If Ow were strictly zero, W & Z bosons would Left- Right-
weigh exactly the same and right-handed J ji 5 S )
charged particles would not exchange Z y Charge Ulis daleeiie
bosons either r -
W Charge T=x— Zero ]‘
Vector Coupling gv =gr + 9L : E
Axial Vector Coupling g, = gr — g1, Z Charge T —gsin® 0,, —gsin’ 0,, ]
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Happenstance #2

Neutral Weak Interaction Theory

A Model of Leptons: Steven Weinberg (1967)

Gargamelle finds one v, e~ |

The Z boson incorporated event in 1973|
(two more by 1976)
“ \f
Y w* A 7' £ |
Neutri tteri ts find
Charged Current Neutral Current eutrino scattering measurements fin

Ow is non-zero

One free parameter: the weak mixing angle Ow introduced

If Ow were strictly zero, W & Z bosons would Left- Right-
weigh exactly the same and right-handed J ji 5 S )
charged particles would not exchange Z y Charge Ulis daleeiie
bosons either r -
W Charge T=x— Zero ]‘
Vector Coupling gv =gr + 9L : E
Axial Vector Coupling g, = gr — g1, Z Charge T —gsin® 0,, —gsin’ 0,, ]
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mid-1970’s -
A Pressmg uestion

Is Electron Scattering Parity-Violating?
consider electron-nucleon deep inelastic scattering

2 Weinberg model
( (_) (€)r Parity is violated
o §
or APV ~ 10—4

(1,) (E) Parity is conserved
€/, e .
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;nid-1970’s :
A Pressmg uestion

Is Electron Scattering Parity-Violating?
consider electron-nucleon deep inelastic scattering

Weinberg model
%
( (,) (€) ,-‘/Par-i*ry is violated
i
or Apy ~ 104

(U) ( = ) Parity is conserved
€ ! [ 7_

First Generation Source: Intensity too low to obtain statistics
Slow reversal of spin ~ 1 min
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;nid-1970’s -
A Pressmg uestion

Is Electron Scattering Parity-Violating?
consider electron-nucleon deep inelastic scattering

Weinberg model
%
( (,) (€) ,-‘/Par-i*ry is violated
B s
or Apy ~ 10—4

(V) ( b) Parity is conserved
{

First Generation Source: Intensity too low to obtain statistics
Slow reversal of spin ~ 1 min

| Major Technical Breakthrough
\r‘/ Sz mjesiz2 T
’ \ GaAs photocathode: 3o}
\\ longitudinally polarized ézo_
K e \ electron beam with high
\%\ @ intensity and stability 3 °[
I > \ o\ 0
R R o : o
Zrba, IR evmeR - msdz gntical pumping with circularly-ol o ¥
A B3 e R : _ 10 20 30 20
r mj=-1/2 mj=+172 polarized laser light . PHOTON ENERGY (ev)
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Anatomy of a Parity Experiment

polarized-source ‘Optical pumping of a GaAs wafer: “black magic”

specialized GaAs chemical treatment to boost quantum efficiency

optics AN

laser
e\100 kv ‘Rapid helicity reversal: polarization sign flips
@ pokkels cell \v ~ 100 Hz to minimize the impact of drifts
< \_ polarized
electrons
[ Accelerator *Helicity-correlated beam motion: under sign
alf-wave plate flip, beam stability at the micron level
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Anatomy of a Parity Experiment

polarized-source ‘Optical pumping of a GaAs wafer: “black magic”

specialized GaAs chemical treatment to boost quantum efficiency

optics AN

laser e\

100kv ~Rapid helicity reversal: polarization sign flips

ockel.% \v ~ 100 Hz to minimize the impact of drifts
< \_ polarized

‘ electrons

] Accelerator *Helicity-correlated beam motion: under sign

alf-waveplate flip, beam stability at the micron level

Need few x 10" events ——) Count at ~ 100 kHz —) 5(Apy) ~ few ppm
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Anatomy of a Parity Experiment

polarized-source ‘Optical pumping of a GaAs wafer: “black magic”

specialized L GaAs chemical treatment to boost quantum efficiency
optics
" laser <

% 100kv ‘Rapid helicity reversal: polarization sign flips

ofkels cell ~ 100 Hz to minimize the impact of drifts
; p
‘ \_ plolatrized
[ Accelerator *Helicity-correlated beam motion: under sign
alf-wave plate flip, beam stability at the micron level

Need few x 10" events ——) Count at ~ 100 kHz —) 5(Apy) ~ few ppm

Tiny signal buried in known background

Lockin Amplifier j>output

_> apparatus j

modulatof lockin input
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Anatomy of a Parity Experiment

polarized-source ‘Optical pumping of a GaAs wafer: “black magic”

specialized GaAs chemical treatment to boost quantum efficiency

optics AN

laser e\

100kv ‘Rapid helicity reversal: polarization sign flips

pockel% \v ~ 100 Hz to minimize the impact of drifts
< \_ polarized

‘ electrons

] Accelerator - Helicity-correlated beam motion: under sign

alf-wave plate flip, beam stability at the micron level

Need few x 10" events ——) Count at ~ 100 kHz —) 5(Apy) ~ few ppm

Tiny signal buried in known background

Lockin Amplifier j>OUt|3Ut

injector |:> accelerator |:> target |:> spectrometer |:> detector
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

BEAM MONITORS
CURRENT ¢
ENERGY T MPLLER
; POSITION *@ZEE§§E> POLARIME TER
x ANGLE :
[GoAs SOURCE}
u COMPUTER

TO ELECTRONICS =——

TO ELECTRONICS =
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

T BEAM MONITORS
CURRENT 2
- ENERGY TARGET MP2LLER I
; POSITION @ POLARIME TER
, ANGLE .
[GoAs SOURCE}| | J
u COMPUTER

TO ELECTRONICS =

TO ELECTRONICS =

<> Beam helicity sequence is chosen pseudo-randomly
polarized-source

- Helicity state, followed by its complement

specialized 4 GaAs
optics * Data analyzed as “pulse-pairs”
laser e\
100kV | R Bl - R
@' ckels cell ‘HV
< \_ polarized T L M
- electrons : :
Accelerator | Ll L L L
alf-wave plate J - - . ‘ L ) | J
15Hz -----
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

BEAM MONITORS
CURRENT

= ENERGY T MOLLER |
ECErION '@2 ARGUZ POLARIME TER

~

ANGLE [~ _ )
\
[GoAs SOURCEH | -J g
\.M\

w COMPUTER

GUN

TO ELECTRONICS =——

e Beam Monitors to measure TO §LECTRONICS ——
helicity-correlated changes in
beam parameters

e High-power cryotarget
30 cm long for high
luminosity
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Anatomy of a Parity Experiment

Krishna S. Kumar

[GoAs SOURCE }

C.Y. Prescott, et al.

BEAM MONITORS
CURRENT
ACCEL. ENERGY
MACCELI SosTioN
ANGLE

T MPBLLER
@ POLARIMETER

w COMPUTER

Parity-Violating Electron Scattering

e Polarimetry
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Anatomy of a Parity Experiment

C.Y. Prescott, et al.

T BEAM MONITORS
CURRENT 2
c ENERGY (6, TARGET) MBLLER |

i POSITION e Aic’u ARIMETER

I ANGLE R
[GoAs SOURCE} |

u COMPUTER
TO ELECTRONI

TO ELECTRONICS =

* Magnetic spectrometer e Flux Integration

directs flux to background- measures high rate

free region without deadtime
Calorimeter

//// :copper  phototube integrator

electron flux [ : quartz

I

,,,,,,, |
&
Pre =
&
- |
&
~
=~

oo »
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A Landmark Result

Does the weak neutral current amplitude interfere with the electromagnetic amplitude?

I | I I
- Polarized Beam : -
e 60 o Prism 90 4
® B e L. é F
i 3 ¢ —
x Jk -
. ¥ "y T :
(rotatea by 80 A i v 3 - b -
r _rate' ~ 10 kHz # + 3
o = | | | -

C.Y. Prescott et al, 1978 0 10 20 30 40
- RUN SEQUENCE —

Apy ~ 1074

6(Apy) ~ 1077
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A Landmark Result

Does the weak neutral current amplitude interfere with the electromagnetic amplitude?

I I I I

E122 at SLAC e Prism O°
- Polarized Beam ; -
mape P 60 ° Frmna 3
i (cir:uolgi:esoﬁzerlilzer) — % —
FEofe i XN W ¢ “
x Jl Al
4 y wy b Y _d
(rotared by $0°) ) % - X -1
r _rate' ~ 10 kHz ++ + 3
Mirror “60 = J I | | =

g C.Y. Prescott et al, 1978 0 10 20 30 40
-7 RUN SEQUENCE R

eParity Violation in Weak Neutral Current Interactions
esin?0,, = 0.224 + 0.020: same as in neutrino scattering

A
6(Apy) ~ 1077
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A Landmark Result

Does the weak neutral current amplitude interfere with the electromagnetic amplitude?

I | I I

E122 at SLAC —
- Polarized Beam . - &
mape P 60 ° Frmna 3
(cir:uolgl:esoﬁililzer) — % —
P e 30 $ -
x tL 5|
4 y wy b Y _
(rotated by 50 A i @ - . -
r -ra:e ~ 10 kHz ++ + 3
Mirror _60 = l I I | |

g C.Y. Prescott et al, 1978 0 10 20 30 40
.- RUN SEQUENCE —

eParity Violation in Weak Neutral Current Interactions
esin?0,, = 0.224 * 0.020: same as in neutrino scattering

A Glashow, Weinberg, Salam Nobel
6(Apy) ~107° Prize awarded in 1979
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3 Decades of Technical Progress

Continuous interplay between probing hadron structure and electroweak physics

Parity-violating electron scattering has become a precision tool

10™E
: ® Beyond Standard Model Searches
E . E122
Sak ~~ | eStrange quark form factors
E Y ‘m; ® Neutron skin of a heavy nucleus
10°} ’SAMP”T 4 H:I = AVDISIY o OCD structure of the nucleon
& /Mn -12C A4 p=>
:;: : LAY A Mainz & MIT-Bates in the mid-80s
7= A ./'/' " s
= 1 i o s JLab program launched in the mid-90s
@ : JB158 | PREX SLAC E158 at SLAC measured PV Mgller scattering
10°F 7 «Qweak” MIT-Bates
s Mainz
T o Jefferson Lab State-of-the-art:
e » sub-part per billion statistical
.10 L Laii b vl | L AT .
I R R T W S T SR P ORI reach and systematic control

Arv e sub-1% normalization control
*photocathodes, polarimetry, high power cryotargets,
nanometer beam stability, precision beam diagnostics, low
noise electronics, radiation hard detectors
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50’s & 60’s: Electron Scattering probed nuclear and nucleon substructure

70’s: Parity-violating deep inelastic scattering
validated the electroweak theory

Parity-Violating
Elastic Electron Scattering:
Hadron Substructure

90‘s onwards: Physics <1 GeV

Krishna S. Kumar Parity-Violating Electron Scattering



Strangeness in Nucleons

Quark Model QCD 1980°s

Strange quarks carry nucleon momentum: Other external properties affected?

~ 0.7
z E

f—

~ E
0.6 =

—__ MRST2001, =10 GeV?

Strange Sea
measured in

™ vN scattering
0.2 { 4
0.1 i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Krishna S. Kumar Parity-Violating Electron Scattering 19



Strangeness in Nucleons

Quark Model QCD 1980°s

Strange quarks carry nucleon momentum: Other external properties affected?

spin dependent deep inelastic scattering s Pl
_L_1 _ Oy~ Gy : :
=3 =7 AZ+AG+AL An e +GT = Strange Sea
Proton Spin L v 3 measured in

vN scattering

. . + Hyperon decay i
EXApgl"m\oe;\;S'l + SU(3), Symmetry: ..
~ ¢ AS ~ -0.1 ? 0.1 i

Breaking of SU(3) flavor symmetry T
introduces uncertainties
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Strangeness in Nucleons

Quark Model QCD 1980°s

Strange quarks carry nucleon momentum: Other external properties affected?

spin dependent deep inelastic scattering z Pl
_ 1 _1 _ Gﬂ_ GN g
5= > -7 A +AG+AL Au - Gﬂ+ GN SE Strange Sea.
Proton Spin e measured in

. . + Hyperon decay h\
EXAPZef‘lmoe;‘;S'l + SU(3), Symmetry: ..
~ ¢ AS ~ -0.1 ? 0.1 i

Breaking of SU(3) flavor symmetry K <N‘E v y s‘N} S e A PR R o g
introduces uncertainties ul's -

(Nfsy,sIN) =07
— 0.2
Tg . neutron charge dlstrlbutlon proton flavor distribution
3 @0 Hi8e

+~ 041

Lo neutron "pion cloud" proton "kaon cloud"
e

<f

: Early calculations predicted
R R A P N B Y e Substantial effects

f
Krishna S. Kumar 2 nlqarity—Violating Electron Scattering
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Elastic Electroweak Scattering

SUR)XU(1) 0
xyb< h jﬁ sange ‘% Kaplan & Manohar (1988)
cnarge
- symmetry
@ symmetry % @ McKeown (1990)
neutron proton proton

Gl ~1-4sin0p) G- GY - G| T  G(02),G(0?)
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Elastic Electroweak Scattering

SU(2)XU(1) 0
xyb< h \k sanse % Kaplan & Manohar (1988)
cnarge
- symmetry
@ symmetry % @ McKeown (1990)
neutron proton ___proton _

Gl ~1-4sin0p) G- GY - G| T  G(02),G(0?)

e o
@/ Apy for elastic e-p scattering: A=

p p

— GFQ2

4o \/5

A +A,+A4,

O,
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Elastic Electroweak Scattering

SU(2)XU(1) 0
\\Yb< h A% sange ‘i Kaplan & Manohar (1988)
charge
- symmetry
@ symmetry % @ McKeown (1990)
neutron proton proton

Gl ~1-4sin0p) G- GY - G| T  G(02),G(0?)

e e
-G,Q* A, + 4, +4
Z £ 5 S 4= F E M A
? Apy for elastic e-p scattering: dnad2 v,
p p
Ap =lIGEGZ Ay =RAGE,G% As = (1 —4sin® 0w [MGE,G
E=€GrGE M =TG,,Gy A= SIn Uw )€ M‘lAi
“‘Anapole” radiative
Forward angle Backward angle corrections are

7 e 2 e problematic
GE,M 7= (]. o 4Sln HW)GE,M ot E.M o
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Elastic Electroweak Scattering

SU(2)XU(1) 0
\\Yb< h A% sange ‘i Kaplan & Manohar (1988)
charge
- symmetry
@ symmetry % @ McKeown (1990)
neutron proton proton

Gl ~1-4sin0p) G- GY - G| T  G(02),G(0?)

e e
-G,Q* A, + 4, +4
Z £ 5 S 4= F E M A
? Apy for elastic e-p scattering: do2 5,
p p
Ap =lIGEGZ Ay =RAGE,G% As = (1 —4sin® 0w [MGE,G
g=€GpGs Ay =1GYGy A= (1—4sin" 0w )€ Gy Ga
“Anapole” radiative
Forward angle Backward angle corrections are

7 e 2 e problematic
GE,M = (]_ o 4:Sln QW)GE,M = E,M .

For a spin=0,T=0 ‘He: Gsgonly! For deuterium: Enhanced G,
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World Program

1990-2010

SAMPLE A4
open geometry, Open geometry
integrating 1

Fast counting calorimeter for — L
background rejection \

G +0.23 G, at Q2 = 0.23 GeV?
G +0.10 G,° at Q2 = 0.1 GeV?
G +0.39 G, at Q2= 0.48 GeV? G, G,° at Q% = 0.23 GeV?
HAPPEX| G:+0.086,: atq?=0.1 Gev?

‘ Particle

I ‘ Detector:

Superconducting

G at Q2=0.1 GeV? (%He)
G¢® +0.48 G;° at Q= 0.62 GeV? GO

Precision
spectrometer,
integrating

Electron Beam

S —s

Open geometry

Fast counting with magnetic spectrometer + TOF
for background rejection
Ggf +n G, over Q%2 =[0.12,1.0] GeV?

Gy, G,° at Q2 = 0.23, 0.62 Ge\?
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World Data as of Fall 2010

all low Q2 data all forward-angle proton data
: G 4 :( T ‘ T T T T ‘ T . T T T : 0'15
SBMVPLE with 1 uéDE B = GO (FORWARD) FormFactor error
G, (calculation B T Gp
= - ® HAPPEX-H — M, )2

+ 0.10— =" aP

0w B ¥ MAMI A4 (different 1) E |
o -
0.05— { '} }
HAPPEX-He 0'003_ { o
-0.05
2 ~ 2 :': B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 [
Q" ~0.1GeV 0185 0.2 0.4 0.6 0.8 1.0,
| | 1 | ‘ | L | 1 ‘ | | | | -:
15 -1 -05 0 05 1 15 Q
M L] LJ
At Q2=~0.1 GeV?, Published fits:
R. Young et al., Phys. Rev. Lett 97, 102002 (2006);
~20 0 P

3% +/ - 2.3% of Gm J.Liu et al., Phys. Rev. C 76, 025202 (2007)

~0.2 +/- 0.5% of G¢” Possible non-zero strange

form factor at Q? ~ 0.5 GeV??
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Hall A at Jefferson Laboratory

New Result from HAPPEXIII

E =33 GeV, Oip=14°, 100 uA with 85% P.

Elastic
detector

Inelastlc\

Physics run: Sep-Nov 2009

]efferson Lab-

Quad

2013: Energy Upgrade to 12 GeV
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Hall A at Jefferson Laboratory

New Result from HAPPEXIII

E =33 GeV, Owp=14°, 100 uA with 85% P.

Physics run: Sep-Nov 2009

Krishna S. Kumar

Elastic

Inelastlc\

detector

Quad

106§
10°E

10%:

10°:
102
10}

1

HV

Psuedo-random,
rapid helicity flip

+ Window.,

RMS

Entries 2.694749e+07

3733

=

15 Hz

7| A AR A
-20 -15 -10

\‘\\\\ L1
5 0 5 10 15
parts per million

20

x10°
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Hall A at Jefferson Laboratory

New Result from HAPPEXIII

E =33 GeV, Oip=14°, 100 uA with 85% P.

Physics run: Sep-Nov 2009

Elastic

Inelastlc\

detector 106?

Quad

Entries 2.694749e+07
RMS 3733

10%:

104

Psuedo-random,

10%E rapid helicity flip
: Sl ’

HV

v Window',

102
10}

1 15 Hz

x10°

: I\\\\‘\\\\‘\\\\‘\\\\‘\I\\\‘\\\\‘\\\\‘\\\\
20 15 -10 -5 0 5 10 15 20
parts per million

Q Q § 30

£ 20

Apaw=-21.591 = 0.688 (sta) ppm |2 10
This includes 50
‘beam asymmetry correction (-0.01 ppm) -10
charge normalization (0.20 ppm) -20
3.26% (stat)+ 1.49% (syst) -30

total correction ~2.5% + polarization -40

Krishna S. Kumar

-IIIIIlIIII|IIII|IIII|IIII|IIII|IIII|II

-

combined 2-arm data

I T
I i

—p—

—>—

=i

A A
I —+
) S S i 1
1

OUT A=21.086 +/- 0.975 ppm, N=381, 2= 1.00, P=0.51
IN A=22.170 +/- 0.989 ppm, N=409, 2= 1.09, P=0.09
AVG A=21.620 +/- 0.694 ppm, N=791, = 1.05, P=0.18

OUT / IN from “slow” spin IT'eversaIs

T

A
A T A T i n I 1
I L L

——r—
—

——p>—

—
T

]
—p>—

o

5 10 15 20 25

data “slug”
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Result & Perspective
Result submitted to PRL: arXiv:1107.0913

8Ay (pPm) | BA, / Ay,
FERLTE 0.202 0.85% A PV= -23.742 + 0.776 (stat) * 0.353 (syst) ppm
Q? Measurement 0.160 0.67% Q2 = 0.6241 + 0.0028 (Gev/c)z
Backgrounds 0.194 0.82%
Linearity 0.129 0.54%
Finite Acceptance 0.048 0.20% A(Gs=0) =-24.158 ppm * 0.663 PpM
False Asymmetries 0.041 0.17%
ForalSveiaatic 0353 | 1.49% GS +0.52 G5, = 0.005 + 0.010,,,, + 0.004,_ ,, + 0.008,,
Statistics 0.776 3.27%
Total Experimental 0.853 3.59% ns 015
(D ® HAPPEX-II FormFactor error
— = GO (FORWARD)
+ 0.10 ® HAPPEX-H
UéDUJ ¥ MAMI A4 (different 1) .

Krishna S. Kumar

0.05

T T | T T | T

0.00

-0.05

e
vt
st
vt
et
i
st
l PROLLLN **
2
vy
L
anad
-y
s
At
Py
oYy
ssfamtamtamtatntes

GO correlated error

1 1 I | 1 1 I 1 1 | I 1 1 1 I |

0.2 0.4 0.6 0.8
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Result & Perspective
Result submitted to PRL: arXiv:1107.0913

8Ay (pPm) | BA, / Ay,
FERLTE 0.202 0.85% A PV= -23.742 + 0.776 (stat) * 0.353 (syst) ppm
Q? Measurement 0.160 0.67% Q2 = 0.6241 + 0.0028 (Gev/c)z
Backgrounds 0.194 0.82% i -
Linearity 0.129 0.54%
Finite Acceptance 0.048 0.20% A(Gs=0) =-24.158 ppm * 0.663 PpM
False Asymmetries 0.041 0.17%
Foral Syskematic 0353 | 1.49% GS +0.52 G5, = 0.005 + 0.010,,,, + 0.004,_ ,, + 0.008,,
Statistics 0.776 3.27%
Total Experimental 0.853 3.59% ?DE 0151 PR
L - FormFactor error
— B = GO (FORWARD)
+ 010— ® HAPPEX-H
taDl-U E ¥ MAMI A4 (different 1) .
0.05—
0.00-
-0.05—
n GO correlated error
-0.10_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0 2
Q
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Result & Perspective
Result submitted to PRL: arXiv:1107.0913

8Ay (pPm) | BA, / Ay,
PRTRLTAT 0.202 0.85% A PV= -23.742 + 0.776 (stat) = 0.353 (syst) ppm
Q? Measurement 0.160 0.67% Q2 - 0.6241 T 0.0028 (Gev/c)z
Backgrounds 0.194 0.82%
Linearity 0.129 0.54%
Finite Acceptance 0.048 0.20% A(Gs=0) =-24.158 ppm * 0.663 PpM
False Asymmetries 0.041 0.17%
Total Systematic 0.353 1.49% GSE + 0.52 GSM = 0-005 -I__ 0'010(stat) i 0'004(syst) i 0'008(FF)
Statistics 0.776 3.27%
Total Experimental 0.853 3.59% 0w s 0150 PR
(g E + G0 (FORWARD) FormFactor error
+ 010— ® HAPPEX-H
me - ¥ MAMI A4 (different 1) il
The small size of strange 0.05
vector matrix elements are -
in line with modern 0.005

calculations, especially
with input from lattice QCD 0.05

GO correlated error

-0.10 1 1 | I | | | I 1 1 | I | 1 1 I 1 1 1 I
0. 0.2 0.4 0.6 0.8 1.0

o
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Nuclear Weak Density

y Nuclear theory predicts a neutron Neutron distribution is not readily accessible
“skin” on heavy nuclei to the charge-sensitive photon probe.
ey QPgy ~ 1 Qen~0
208Pbh Q" ~ 1 QrP,, ~ 1 -4sin%0,,
E o0 Rp ~5.5 fm proton neutron
= \
% 0.04 Electric charge 1 0
Q ——— E+M charge =
Weak charge Weak charge 0.08 1
002+ - Proton
------- Neutron
. >
0 2 6 8 10
r(fm) C. Horowitz
Y EM _ ¥ 104

Krishna S. Kumar

A
mys = Se[(1-sw0,)r(0)-E(e)] " dma2 F, (03
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Nuclear Weak Density

Nuclear theory predicts a neutron

0.1 R .
“skin” on heavy nuclei

0.08

208P}h
R, ~5.5 fm

S
=
>

S
=
EN

Density (fm‘s)

—— E+M charge
—— Weak charge
00z ______ Proton
....... Neutron
00 . 8 . 10
r (fm) C. Horowitz
T 20\ o M"™ = M—aF (Qz)
Z —_. u. Q2 -
208pp

M35 = [ (1- 450, ), (7) - £, (0]

Parity-Violating Electron Scattering

Krishna S. Kumar

Neutron distribution is not readily accessible

to the charge-sensitive photon probe.
QPgy ~ 1 Qe ~ 0

an a7 1 pr & 1 = 4Sin26W

proton heutron

Electric charge 1 0

Weak charge ~0.08 1

PREX (Pb-Radius EXperiment)

Q2 ~ 0.01 GeV?
9° scattering angle

Apy ~ 0.6 ppm
Rate ~1.5 GHz

A . G0 E(2)
" 4ma2 F,(Q7)




Neutron Radius Information

* Proton-Nucleus Elastic ) A single measurement of Fp
. P; e : translates to a measurement of R,
108y P1ds AR 10 via mean-field nuclear models
* Pion Photoproduction > strong
; s probes 03— T 1
* Heavy ion collisions i ® Skyrme |
B covariant meson
 Rare Iso topes ( dripline) _ 029 A covariant point coupling
> 0281 .
Né i |
" 0271 -
| electroweak 1
* PREX —> Electroweak probe 026/ probe .
MFT fit mostly by opsl— 1y
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Theory —> data other than

5.6 5.65 5.7 5.75 5.8

. 208
neutron densities r in " Pb (fm)
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Several Applications

...and measuring ry pins down
the symmetry energy

0.35
neutron
031 skin
025F
£
HQ‘ 0.2 —
I
Hﬂ
0.15[
0.1k @@ @ Skyrme |
W relativistic meson
@ A relativistic point coupling |
O 05 @I | | | | | | | | | | | | | | | | | |
24 26 28 30 32 34 36 38 40 42 44
symmetry energy a, (MeV)
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Several Applications
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Several Applications

Alaey Rrown et al

...and measuring ry pins down 0.4 , , , , ,
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PREX at JLab

PREX run: March-June 2010 pr eliminar yI esult
Q2~0.01GeVZ ——> A, ~0.5ppm

3(Apy) ~ 3% ?
O(R,-R,) ~ (4£1%) R, 5(Apy) ~ 15 ppb!

Models and global fits
range from 1 to 6%

exquisite hardfza 1irelresolution of spectrometer )
15 i I L Acceptance Function
— -'V‘W "’!’wVv' 7
0-8 :— .«'“’ "v‘wﬁa:ﬂ' T .:.' "': BREE e T
0-6 ;—' "n' "y :;4: ’ e '.”! v
04— 1L
02— A
0 Mw’wwww:d"ﬁ'ﬁw i : i : i
1.054 1.056 1.058 1.06 1.062 1.064
4 5 3 C Pb Momentum (GeV/c)

C 1st excited state : Z
Pb excited states ~ Ground States Detector integrates the elastic peak

Backgrounds from inelastics suppressed
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PREX at JLab

PREX run: March-June 2010 preliminary result
Q?~0.01GeVZ T=> A, ~0.5ppm | [itdet al fommisem oo - onras
2 5 [HWP{QUTJWlen L A:“O.S‘SS +- D:‘O‘J'f) ppm, dqfiS? "/{;: 1.“1'8,?:'0."1'4 M

AVG+ A=-0.654 +/- 0.071 ppm, dof=148 , z’= 1.03, P=0.39
AVG- A=0.532 +/- 0.071 ppm, dof=159 ,x°= 0.98, P=0.58
AVG A=-0.593 +/- 0.050 ppm, dof=308 ,x’= 1.00, P=0.48

6(APV) ~ 3% 2
S
O(R,-R,) ~ (4+1%) R, 5(Apy) ~ 15 ppb! 1

g E *
& 055_ { | ; — + P S
Models and global fits g 'oé_ } { ¢ Tt
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> <|-0.5-1 | I P
AE | 1 I :
= I
1.5
_%E— A B S B SR S
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exquisifte hardwlrelresolution of spectrometer .
1= e Acceptance Function
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08— p e e e
0.6 = e
0.4 — b
0.2 ; ’,w"/
0 Ea.«w.wwmw:nw#d""’" i ; i i i
1.054 1.056 1.058 1.06 1.062 1.064
4 5 3 C Pb Momentum (GeV/c)

C 1st excited state : Z
Pb excited states ~ Ground States Detector integrates the elastic peak

Backgrounds from inelastics suppressed
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PREX at JLab

PREX run: March-June 2010 preliminary result
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PREX at JLab

PREX run: March-June 2010 preliminary result
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Result and Outlook

Apy = 0.6571 = 0.0604 (stat) = 0.0130(syst)
ppm 9.2 % 2.0 %

Neutron Skin= Ry - Rp
= 0.34 +0.15 -0.17 fm

Preliminary estimate from C.J. Horowitz

PRL in preparation

PREX Asymmetry : Data vs 8 Models First electroweak observation of the neutron
skin of a heavy nucleus (CL =95%)
0.8 R,-R,=0
0.75—
- si
- F e o
g_ 0.7 @ slys ni3po6
Q L
< r o o O °
C ® ni3 fsu mft98
0.65—
C o
C ni3mo05
0.6—
~  DATA
0.55-
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Result and Outlook

Apy = 0.6571 = 0.0604(stat) = 0.0130(syst Ev ~Ratg (W2 AW days o
Uz 0202 o(/ ) 50 05 ysi) (GeV) | @ 50 yA) |(ppm) |1% on Rs
ppm . 0 . o

; 208pp | 1.05 1700 0.6 30
Neutron Skin= Ry - Rp
= 0.34 +0.15 -0.17 fm ol 0 e
Preliminary estimate from C.J. Horowitz 48Ca 1.7 270 2.5 12
PRL in preparation 2.2 15 2.8 18
PREX Asymmetry : Data vs 8 Models First electroweak observation of the neutron
: skin of a heavy nucleus (CL =95%)
o8 ReRSO o8- ReRSO
0.755— ' 0.755— _
z e o - F e o °
g 0'7:_ . svd e g °-7:_ Projected ' slyé  ni3p0s
< o o ° " < o o ° ~
oes|- 9 o 0.65/ + e
] onos - e 208pp
°-°;_ °-5;— Followup run approved:
o5t DATA L sst target date mid-2014
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50’s & 60’s: Electron Scattering probed nuclear and nucleon substructure

70’s: Parity-violating deep inelastic scattering
validated the electroweak theory

90°’s onwards: Physics <1 GeV

Precision Tests of the
Electroweak Theory

Turn of the century: Physics ~ 1 TeV
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turn of the century

Modern Electroweak Physics

Physics up to a length scale of 10-1% m well understood but.....
Many questions still unanswered....

Why exactly 3 generations of particles?
Why are the W and Z Bosons ~ 100 GeV?

What is so special about 10-18 m?
What is the origin of mass?

How did matter dominate over anti-matter

Is there a single unifying super-force?
Were there as yet unseen forces in the early universe?

Why are neutrinos so light?

Are neutrinos their own anti-particles?

What is dark matter and dark energy?

The High Energy Frontier: Collider Physics

The Cosmic Frontier: Particle, Nuclear and Gravitational Astrophysics
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The Intensity Frontier

Direct and Indirect Searches for Physics Beyond the Standard Model
Compelling arguments for "New Dynamics” at the TeV Scale

A comprehensive search for clues requires:
Large Hadron Collider  aswellas Lower Energy: Q2 << M2
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The Intensity Frontier

Direct and Indirect Searches for Physics Beyond the Standard Model
Compelling arguments for "New Dynamics” at the TeV Scale

A comprehensive search for clues requires:
Large Hadron Collider  aswellas Lower Energy: Q2 << M2

Violations of Accidental(?) Symmetries

CP, T (EDMs, Decays), CPT, Charged Lepton Flavor, Lepton Number

Dark Matter Searches
Neutrino Masses and Mixing

OvBpB decay, reactor 013, long baseline experiments

Precision Electroweak Measurements at Q2 << Mz2

flavor conserving and flavor changing neutral current amplitudes, charged current amplitudes,
muon g-2

Intense beams, ultra-high precision, exotic nuclei, table-
top experiments, rare processes....
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The Intensity Frontier

Direct and Indirect Searches for Physics Beyond the Standard Model
Compelling arguments for "New Dynamics” at the TeV Scale

A comprehensive search for clues requires:
Large Hadron Collider  aswellas Lower Energy: Q2 << M2

Violations of Accidental(?) Symmetries

CP, T (EDMs, Decays), CPT, Charged Lepton Flavor, Lepton Number

Dark Matter Searches
Neutrino Masses and Mixing

OvBpB decay, reactor 013, long baseline experiments

Precision Electroweak Measurements at Q2 << Mz2

flavor conserving and flavor changing neutral current amplitudes, charged current amplitudes,
muon g-2

Intense beams, ultra-high precision, exotic nuclei, table-
top experiments, rare processes....
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Indirect Clues

Electroweak Interactions at scales much lower than the W/Z mass

Many theories predict new forces that
Dynamics involving disappeared when the universe cooled
particles with m > A

I X COUTEESs L SM 1+ Heavy

~TeV V. Cirigliano
H. Maruyama ﬂ
My z 1
(100 GeV L=
— ~SM e £5 = £6
A A2
higher dimensional operators can
Heavy Z's and neutrinos, technicolor, be systematically classified

compositeness, extra dimensions, SUSY.. oflavor changing as well as flavor diagonal

echarged current as well as neutral current

Krishna S. Kumar Parity-Violating Electron Scattering 55



Indirect Clues

Electroweak Interactions at scales much lower than the W/Z mass

Dynamics involving
particles with m > A

Many theories predict new forces that
disappeared when the universe cooled

~TeV V. Cirigliano
H. Maruyama
IleZ 1 ﬂ
100 GeV
( L=Lsm+ —Ls5+ £6

A A2

I X COUTEESs L SM 1+ Heavy

higher dimensional operators can
Heavy Z's and neutrinos, technicolor, be systematically classified

compositeness, extra dimensions, SUSY.. oflavor changing as well as flavor diagonal

echarged current as well as neutral current

Measurements with the potential to indirectly
access the TeV scale involve pushing one or more
experimental parameters to the extreme such as
intensity, luminosity, volume,

radio-purity, precision, accuracy....
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Indirect Clues

Electroweak Interactions at scales much lower than the W/Z mass

Many theories predict new forces that
Dynamics involving disappeared when the universe cooled
particles with m > A

I X COUTEESs L SM 1+ Heavy

~TeV V. Cirigliano
H. Maruyama
IleZ 1 ﬂ
100 GeV
( L=Lsm+ —Ls5+ £6

A A2

higher dimensional operators can
Heavy Z's and neutrinos, technicolor, be systematically classified
compositeness, extra dimensions, SUSY..

*flavor changing as well as flavor diagonal
echarged current as well as neutral current

Measurements with the potential to indirectly new contact interaCtiOHS

access the TeV scale involve pushing one or more

experimental parameters to the extreme such as >< A 5 £6

intensity, luminosity, volume,

radio-purity, precision, accuracy.... must I‘each A ~ Several TeV
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EVW Ouantum Corrections

Precision Measurements of Electroweak (EW) Couplings

For electroweak interactions, higher order terms in the perturbative expansion
3 input parameters needed: z

f 4th and 5th best
1. electron g-2 anomaly mea;}n'ed garanz)eters:
: and sin2
2. The muon lifetime f 43 43

i h ; predicted values differ from
effective charge increases tree level predictions:

with decreasing distance: indirect access to “heavy” physics

3. The Z line shape

Muon decay Z production
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EVW Ouantum Corrections

Precision Measurements of Electroweak (EW) Couplings

For electroweak interactions, higher order terms in the perturbative expansion
3 input parameters needed: z

f 4th and 5th best
1. electron g-2 anomaly mea;llred garanaeters:
: and sin?
2. The muon lifetime f 43 43

i h ; predicted values differ from
effective charge increases tree level predictions:

with decreasing distance: indirect access to “heavy” physics

3. The Z line shape

1000

r . o i R . R L I T l/l'l I T !l T |!| LI A | I | P | I | BEL R L) 2
Z' "had” 1" g 7/ I | i
------ Z pole asymmetries »” ¢ - W
500 |[— —- M, ’ 1o e ]
— — — low energy |/ bl - t b
300 [-—-—m N _ -t~ 7 LHC disfavoged-""_|
t ~ - i i //. ‘2 A W
L e A%
e  Tevatron-excluded (95%-CL) o e S Pl /
S 0 : v T
© ) o
S 100 S
" all data (90% CL) Muon decay Z production

50

Known “heavy” physics: the top quark
Assumed “heavy physics”: the Higgs boson

30
20

10 :
145 150 155 160 165 170 175 180 185 190

m, [GeV]
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Low Q? Neutral Currents

Search for New Flavor Conserving Contact Interactions

l1 ll amplitudes can be very precisely predicted
Z0
Allows searches for new physics at the TeV scale >< 1 r
% b via small measurement deviations A2 6

All flavor-conserving weak neutral current amplitudes are functions of sin®Ow

-3(sin?6w) < 0.5%

sensitive to TeV-scale contact interactions iff:
eaway from the Z resonance

oPrecision Neutrino Scattering
oNew Physics/Weak-Electromagnetic Interference

® opposite parity transitions in heavy atoms
* parity-violating electron scattering
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Low Q? Neutral Currents

Search for New Flavor Conserving Contact Interactions

l ll amplitudes can be very precisely predicted

Allows searches for new physics at the TeV scale >< 1 r
J; via small measurement deviations A2 6

All flavor-conserving weak neutral current amplitudes are functions of sin®Ow

O

-3(sin?6w) < 0.5%

sensitive to TeV-scale contact interactions iff:
eaway from the Z resonance

oPrecision Neutrino Scattering
oNew Physics/Weak-Electromagnetic Interference

® opposite parity transitions in heavy atoms
* parity-violating electron scattering

Electromagnetic amplitude
interferes with Z-exchange as well AN TN
as any new physics

2 o
—
A.,.y
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The Electron’'s Weak Charge

Parity-violating Electron Scattering

o
ongitudina — — G - G A G 2
L olirtizgd e!ly - ALR - APV — E‘_I_—Gt ~ —Weak ~ I Q (g Aeg VT +[3 8 VegAT)
}T Oy Ay 410 /
gy and g, are function of sin’0y, Weak Charge Qw

electron & proton target: Qw =1 —4 sin? Ow highly suppressed
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~ 1999: electron-electron weak attractive force had never been measured!

The Electron’'s Weak Charge

Parity-violating Electron Scattering

o
ongitudina — — G - G A G 2
L olirtizgd e!ly - ALR - APV — E‘_I_—Gt ~ —Weak ~ I Q (g Aeg VT +[3 8 VegAT)
}T Oy Ay 410 /
gy and g, are function of sin’0y, Weak Charge Qw

electron & proton target: Qw =1 —4 sin? Ow highly suppressed

e- e' e-
e Fixed Target Parity-Violating Meller Scattering
- G
% —) >@_F Purely leptonic reaction!
e e
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~ 1999: electron-electron weak attractive force had never been measured!

The Electron’'s Weak Charge

Parity-violating Electron Scattering

&
- _ _O0)- O A Gr 02
g);:ii.tilzlg:]nglly - A ‘ i ~ weak _YF Q ( g4 egVT +[3 gy gAT )

A= W
LR~ PV GVI'G{ Ay 410 /

gy and g, are function of sin’0y, Weak Charge Qw

electron & proton target: Qw =1 —4 sin? Ow highly suppressed

QWG Fixed Target Parity-Violating Meller Scattering
; Purely leptonic reaction!

A,, =8x 10'8 E, (1-4sin’9,) ——> Tiny!
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~ 1999: electron-electron weak attractive force had never been measured!

The Electron’'s Weak Charge

Parity-violating Electron Scattering

.
o _ o,-0, A Gr O2
ey A= Apy = St ~ ek L OF O (g g T gy )
}T Oy Ay 410 /
gy and g, are function of sin’0y, Weak Charge Qw

electron & proton target: Qw =1 —4 sin? Ow highly suppressed

QWG Fixed Target Parity-Violating Meller Scattering
; Purely leptonic reaction!

A,, =8x 10'8 E, (1-4sin’9,) ——> Tiny!

1
O E_ > Figure of Merit rises linearly with E,,,
lab
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~ 1999: electron-electron weak attractive force had never been measured!

The Electron’'s Weak Charge

Parity-violating Electron Scattering

.
o _ o,-0, A Gr O2
ey A= Apy = St ~ ek L OF O (g g T gy )
}T Oy Ay 410 /
gy and g, are function of sin’0y, Weak Charge Qw

electron & proton target: Qw =1 —4 sin? Ow highly suppressed

QwG Fixed Target Parity-Violating Meller Scattering
; Purely leptonic reaction!

A,, =8x 10'8 E, (1-4sin’9,) ——> Tiny!

1
O E_ > Figure of Merit rises linearly with E,,,
lab

S SLAC E158: 1999-2004 §
85% longitudinal polarization 4. Fircd

End Station A at the Standord Llnear Accelerator Center (SLAC)
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Apy= (-131£14 £ 10) x 10°°

The Legacy of E158

Phys. Rev. Lett. 95 081601 (2005)

1 . 2
=~ =qgsin° 06
/2% W
W » W Y = 0 Y:nZ
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Ap = (-131£14 1 10) x 10°°

The Legacy of E158

Phys. Rev. Lett. 95 081601 (2005)
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Parity-Violating Electron Scattering
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Ap = (-131£14 1 10) x 10°°

The Legacy of E158

0.242

Phys. Rev. Lett. 95 081601 (2005)
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T T T T

1997 sin“6,,

significant theory
extrapolation error
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Ap = (-131£14 1 10) x 10°°

The Legacy of E158

Phys. Rev. Lett. 95 081601 (2005)
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Ap = (-131£14 1 10) x 10°°

The Legacy of E158

Phys. Rev. Lett. 95 081601 (2005)
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Ap = (-131£14 1 10) x 10°°

The Legacy of E158

Phys. Rev. Lett. 95 081601 (2005)

Limits on “New” Physics

95% (.L. E158
LEPII
0.250—rmr——rrrrm—r—rem e e? e el?
L Erler and Ramsey-Musolf (2004) % + ><_
g e e e e
0.245} 17 TeV
SLAC E158 NuTeV
~ Fermilab
= 0.240f kit |V-DIS i
S = q e
<> [ ]Cesium .
c - APV ’
% 0.235 39 qf £ \e
[ 0.8 TeV
0.230F
I doubly charged
BT B AT B AW 1T SR BT AR T BT S ETT1TT B SR TTTT E
0.225=-6"601 007 0171 "0 ""{00 ~1000  scalar exchange
Q [GeV]
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The Legacy of E158

Apy= (-131+14 £ 10) x 10°°

Phys. Rev. Lett. 95 081601 (2005)

Limits on “New” Physics
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Precision Weak Charges

Current and future measurements of Parity—violating asymmetries
.25 WU R L) e ) LR BRIl e )

_ SM ' T ' ' ll"' ' lll_la
0248 , current i
0.246 | ¢ proposed
0.244
0.242
e = 133CS SLAC E158 NuTeV
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C =2€ 1 C =2e l ~C 0238 1
\_ Tl 8a8v 2i ngA/ ® 0236
0.234 - __ TMOLLER
4 e-q couplings and I gt
q P g 0.232 i QW(p) Tevatron
the e-e coupling 0.23 f eDIS  SLC
0.228 £
0.0001 0.001  0.01 0.1 1 10 100 1000 10000

Elastic Electron-Proton Scattering “[Ge“/, Final data
Qweak at JLab has accumulated more than 25% of production data next year
New proposal to improve Qweak by a further factor of 2 at Mainz, Germany =i

Deep Inelastic Scattering off Deuterium e e
6 GeV JLab experiment completed: analysis ongoing Dl
SoLID: New Apparatus with a large solenoid using 11 GeV beam i After Jlab energy

Moller Scattering upgrade in 2013;
MOLLER: New project to improve E158 by a factor of 5 / physics 2015-20
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Proposed to run in Hall A after 12 GeV Upgrade

MOLLER at JLab

An ultra-precise measurement of the weak mixing angle using Moller scattering

Detector

Apy = 35.6 ppb T—>
0(Q°w) =+ 2.1 % (stat.) ¥ 1.0 % (syst.)

Luminosity: 3x10°° cm?/s!

Ebeam = 11 GeV
75 uA 80% polarized =~
O(Apv) = 0.73 parts per billion

_ Upstream _
/' wuToroid Liquid
: Hydrogen

2
8 _ = A
£e162 =7 —Jeify,ueiej’yuej I::> = 7.5 TeV
i,j:ZL:,R 2A% \/|g%m — iyl

best contact interaction reach for leptons at low OR high energy
To do better for a 4-lepton contact interaction would require:

Giga-Z factory, linear collider, neutrino factory or muon collider
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Proposed to run in Hall A after 12 GeV Upgrade

MOLLER at JLab

An ultra-precise measurement of the weak mixing angle using Moller scattering
3(sin20w) = = 0.00026 (stat.) = 0.00012 (syst.) —> ~ 0.1%

Detector

Apv = 35.6 ppb T— > A(SLD)
0(Q°w) =+ 2.1 % (stat.) ¥ 1.0 % (syst.) A0

fb

Luminosity: 3x10%° cm?/s!  ayerage

Ebeam = 11 GeV
75 uA 80% polarized =~
O(Apv) = 0.73 parts per billion

) . Toroid Liquid
3 Hydrogen

I

>

jO)

Upstream (D
(I
I

S

-2+ MOLLER +£0.00029
0.23098 + 0.00026

0.23221 + 0.00029

0.23153 = 0.00016
y?d.of:11.8/5

......... 3 [Joo),= 0.02758 = 0.00035
Mm 172.7 + 2.9 GeV

0.2:32 | | I 0234
. o _lep
sin eeﬁ

b PeN

S :
Lere, = Sz livueiire; :>
ij=L.R 2A \/|g%m — iyl

best contact interaction reach for leptons at low OR high energy
To do better for a 4-lepton contact interaction would require:

Giga-Z factory, linear collider, neutrino factory or muon collider

Krishna S. Kumar Parity-Violating Electron Scattering

39



Outlook on Weak Charges

LHC new physics signals could have multiple interpretations: weak
charge measurements can discriminate among scenarios

Sensitivity to R-
Parity-violating
Supersymmetry

Assume a 1.2 TeV
resonance observed
at LHC which is
consistent with being
aZ’ boson

Krishna S. Kumar
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50’s & 60’s: Electron Scattering probed nuclear and nucleon substructure

70’s: Parity-violating deep inelastic scattering
validated the electroweak theory

90°’s onwards: Physics <1 GeV

Parity-Violating Electron
Scattering & the QCD
Structure of the Nucleon

Turn of the century: Physics ~ 1 TeV
Interplay with Physics ~ 1 GeV

Krishna S. Kumar Parity-Violating Electron Scattering 41



PV Deep Inelastic Scattering

With Qweak and APV, Cii’s measured, but C2;’s still unconstrained

Apy in Electron-Nucleon DIS:
2

Ap —‘Vr}ux[a(X)+:f(y)b(X)]

0?2>> 1 GeV2 ,W2>> 4 GeV?

EQQﬂm D C0.f()
a(x) = (X)) =“S— For 2H, assuming charge symmetry,
EQ Ji(x) EQi fi(x) structure functions largely cancel in the ratio:
u,(x)+d (x)
a(x) = E[(zclu -Cy )] e b(x) = |:(2C2u 20)— D
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PV Deep Inelastic Scattering

With Qweak and APV, Cii’s measured, but C2;’s still unconstrained

Apy in Electron-Nucleon DIS:
2

Apy = \fm[a(XHf (3)b(x)]

0?2>> 1 GeV2 ,W2>> 4 GeV?

ECIiQ'f'(x) EcziQifi(x)
a(x) = e For?H, assuming charge symmetry,
EQ Ji(x) EQi fi(x) structure functions largely cancel in the ratio:
u,(x)+d (x)
a(x) = E[(zcm -Gy, )] vk o) (2C2” g u(x) + d(x)

Must measure Apy to 0.5% fractional accuracy!

Feasible at 6 GeV at Jlab — luminosity > 10°%/cm?/s
well-suited for 11 GeV after the upgrade
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PV Deep Inelastic Scattering

With Qweak and APV, Cii’s measured, but C2;’s still unconstrained

Apy in Electron-Nucleon DIS:
2

Apy = \fm[a(XHf (3)b(x)]

0?2>> 1 GeV2 ,W2>> 4 GeV?

ECIiQ'f'(x) EcziQifi(x)
a(x) = e For?H, assuming charge symmetry,
EQ Ji(x) EQi fi(x) structure functions largely cancel in the ratio:
u,(x)+d (x)
a(x) = E[(zcm -Gy, )] vk o) (2C2” g u(x) + d(x)

Must measure Apy to 0.5% fractional accuracy!

Feasible at 6 GeV at Jlab — luminosity > 10°%/cm?/s
well-suited for 11 GeV after the upgrade

* First experiment at 6 GeV: ran Oct-Dec '09; ~4% accuracy @ Q2 ~ 1-2 GeV?
- Approved Hall C proposal at 11 GeV using planned upgrade for spectrometers

* SOLID: New large acceptance solenoidal spectrometer approved for Hall A
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Proposed to run in Hall A after 12 GeV Upgrade

SOLID at Jefterson Laborator

Simultaneous measurements of ~ 20 “NuTeV” points

e [
i Error bar 0,/A (%)
0.16 F shown at center of bins charge
o 10— i 2 | symmelry
E I & X @61l | 63 violation
= B .58
o 0.15 ] 0.53 S
.52 3
i standard :48 0529 4 months at 11/GeV
0'14| | U S T N T T\ G e B highertwist
-0.53 -0.52 -0.51
5— 16
C C ) .
lu™~1d o 58 €95
sea H ‘).52|&
- quarks | gae @ 2 months at 6.6 GeV
B .3.6’.96
1 | 1 1 1 I
0.2 0.4
Strateqy: sub-1% precision sl
over broad kinematic range for
sensitive Standard Model test
and detailed study of

hadronic structure effects
C2u_C2d /

Left:Baffle
Assembly

FixedBupports / Coil / Cryostat
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Electroweak Physics at an EIC

luminosity large: precision measurements of PV observables

Ji, Vogelsang, Bliimlein, ... % g
Wz _ 9w Fi+ Pubv Fi Anselmino, Efremov & Leader, Machine configurations: GeV & fb!
2mN v Mx(P@) " Phys.Rep.261(1995) *11 x 60: 100 going to 500
4 €uvap

a,B 2
p*q” o af i aafB o5 x 250: 70 going to 350
F3 +2¢*S” g7 — 4xp®S
-9 [ e P 92] 11 x 250: 100 going to 500
¢20 x 325: 100 going to 500

e-—|Z:>—> <—|:l'>—p,D, SHe

puSu+Supu 7 S'q 7 “q 7
- g3+ ———5PuPv9s+ —— 9w g
20p-q) T (p-q)2 "MVt p.g TR

polarized electron, unpolarized hadron

ChAnL ar Bl
Apy = + gv
[ Bl D }

unpolarized electron, polarized hadron

GrQ® [ g3 i
[gv 57 +9af(y) 7}

2/ 2o i= Fy

Algieii—
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Electroweak Physics at an EIC

luminosity large: precision measurements of PV observables

Ji, Vogelsang, Bliimlein, ... % g
Wz _ 9w Fi+ Pubv Fi Anselmino, Efremov & Leader, Machine configurations: GeV & fb!
2mN v Mx(P@) " Phys.Rep.261(1995) *11 x 60: 100 going to 500
4 €uvap

a,B 2
p*q” o af i aafB o5 x 250: 70 going to 350
F3 +2¢*S” g7 — 4xp®S
-9 [ e P 92] 11 x 250: 100 going to 500
¢20 x 325: 100 going to 500

e-—|Z:>—> <—|:l'>—p,D, SHe

puSu+Supu 7 S'q 7 “q 7
- g3+ ———5PuPv9s+ —— 9w g
20p-q) T (p-q)2 "MVt p.g TR

polarized electron, unpolarized hadron unpolarized electron, polarized hadron

vy = e e e Q) e = B G v %]
proton deuteron
Bl s F? cutd+2s
F;Zo<2uv—|—dv Fl o, il
Z o Au+ Ad + As giyZOCAu—FAdﬂLAS
; ggz x 2Au, + Ad, 0l s N Al
Keishi's Kt
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Help 6-Flavor Separation

Including quark and anti-quark polarizations

xg/%, EIC 20 GeV x 325 GeV (E_, x E,), Lxt =100 fb”

ngZ, EIC 20 GeV x 325 GeV (E_x E,), Lxt =100 fb!
5 e p

0.05 0.2
0.04F- 91 x Au + Ad + As o1
0.03 .
= M 0.1
0.025 {
0.015 ‘ ! 0.05
= . d
g Og v % { } { ' ’igm 0
-0.015 ‘
E -0.05
-0.02;
-0.032— -0.1
-0.04F -0.15
-0.05 ol ol
10° 102 10" -0.2

XAs, EIC 20 GeV x 325 GeV (E_ x Ep), Lxt =500 fb‘

0.06{

XAs

-0.02f
-0.04f

-0.06
.1
10°

0.04
0.02

of

:EAS

Krishna S. Kumar

10"

A cross-check showing unambiguously

FTTT T[T T T T[T T T T[T T T T[T T T T[T T T [TTTT[TTTT

ggz x 2Au, + Ad,

-

—
—_—
<+—
—
——
——

107

102 . 10"

non-zero delta-s in an inclusive measurement?

Semi-inclusive measurements

lose statistical power at x ~ 0.1,
and have significant theoretical

interpretation issues

Parity-Violating Electron Scattering
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Summary

Parity-violating electron scattering has played a major in
the development and tests of electroweak interactions
over the past 3 decades

The 2-decade search for strange form factors nearly

complete: sensitive probe of low energy QCD dynamics
New result from Happexlil just submitted fo PRL

The physics results and the technical progress have set

the stage for the next era of ultra-precise measurements:

TeV-scale electroweak physics beyond the Standard Model

Neutron skin of a heavy nucleus
first result on 208Ph shows neutron radius is bigaer; followup precision measurements planned

QCD structure of the nucleon
A high-luminosity electron-ion collider offers the
possibility to measure entirely new structure functions
using parity-violating observables

Krishna S. Kumar Parity-Violating Electron Scattering 46



e e

Krishna S. Kumar Parity-Violating Electron Scattering 47



MOLLER Physics Reach

Assume either SUSY or Z’ discovered at LHC

015l ﬁf;ﬁﬁ“é‘;ev) | | MSSM sensitivity if light Does Supersymmetry provide
super-partners, large tanf} a candidate for dark matter?
j 0.1 1 Y~
<3 MSSM
€ oos VLSSIVL ‘B and/or L need not be
QWeak (ep) JLab, 1,165 Ge! ol .
3 , P2 (ep) Mainz, 137 MeV Y il z 2 conserved: neutralino decay
as I |
= oo X' -Depending on size and sign
e Ramsey-Musolf +___L7___ . o L
~_ / and St Phys. e —— € of deviation: loses appeal
O NS R B0 Xt Xt as a dark matter candidate
-02 -015 -01 _-0.05 O 0.05 01 ﬁ’
o (QW)SUSY/(QW)SM f - T o — f
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MOLLER Physics Reach

Assume either SUSY or Z’ discovered at LHC

015l | ' | ?ﬂﬁ,’ﬁ,ﬁﬁ*‘éi‘i | | MSSM sensitivity if light Does Supersymmetry provide
RPV super-partners, large tanf a candidate for dark matter?
~ 01 SUS I X~
S oos | MSSM -B and/or L need not be
QWeak (ep) JLab, 1,165 GeV. W A Z
3 P2 (ep) i, 137 Mo z 47 conserved: neutralino decay
a= |
2 o X' -Depending on size and sign
e Ramsey-Musolf o __?___ o . o L
and S, Phys. € e of deviation: loses appeal
e NS ke sscos Xt Xt as a dark matter candidate
-02 -0.15 -01 e—0.05 e0 0.05 01 F
Qu)susy/(Quwlsm J—t--- — f

— T
Al J. Erler and E. Rojas

1

| My =12Tev

oVirtually all GUT models predict new Z’s
oLHC reach ~ 5 TeV, but....
oFor ‘light’ 1-2 TeV, 7’ properties can be extracted

Suppose a 1 to 2 TeV heavy Z’ ,
is discovered at the LHC s

| MOLLER |
BN PVDIS m Q,(H)

‘Can we point to an underlying GUT model? —
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~ 1999: electron-electron weak attractive force had never been measured!

SLLAC E158 Proposal

~ 10 ppb statistical error at highest E,,,, ~ 0.4% error on weak mixing angle

liquid
hydrogen

P

collimator primary & scattered collimator

beam

beam target

_photons

[

detectors

—
—

e

A
dipoles

~

60 m

[
[

A large number of
technical challenges

> 0.7m

1

——

quad

rupoles

Sl
»|
o
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~ 1999: electron-electron weak attractive force had never been measured!

SLLAC E158 Proposal

~ 10 ppb statistical error at highest E,,,, ~ 0.4% error on weak mixing angle

collimator primary & scattered collimator detectors
liquid <3 beam . ep's
lari hydrogen _~photons I _—_————-—-"/’——:ET
P = . = e

Ao iU o1

dipoles quadrupoles |

[ 60 m >

I I

10 nm control of beam centroid on target

A large number of
technical challenges

- R&D on polarized source laser transport elements
e 12 microamp beam current maximum

- 1.5 meter Liquid Hydrogen target
e 20 Million electrons per pulse @ 120 Hz

- 200 ppm pulse-to-pulse statistical fluctuations
e Electronic noise and density fluctuations < 104
e Pulse-to-pulse monitoring resolution ~ 1 micron

e Pulse-to-pulse beam fluctuations < 100 microns

- 100 Mrad radiation dose from scattered flux

* State-of-the-art radiation-hard integrating calorimeter

Full Azimuthal acceptance with 6,,, ~ 5 mrad

- Quadrupole spectrometer

- Complex collimation and radiation shielding issues

Parity-Violating Electron Scattering 49



SILAC E158 Data
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Phys. Rev. Lett. 95 081601 (2005)
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SILAC E158 Data
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Krishna S. Kumar

Phys. Rev. Lett. 95 081601 (2005)
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SILAC E158 Data
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MOLLER Status

Proposal submitted to Nuclear Physics Division of the Department of Energy

sub-system Institutions
polarized source UVa, JLab, Miss. St.
Target JLab, VaTech, Miss. St.
Spectrometer Canada, ANL, MIT, UVa

Integrating Detectors

Syracuse, Canada, JLab

Luminosity Monitors

VaTech, Ohio U.

Pion Detectors

UMass/Smith, LATech

Tracking Detectors

William & Mary, Canada, INFN Roma

Electronics

Canada, JLab

Beam Monitoring

UMass, JLab

Polarimetry UVa, Syracuse, JLab, CMU, ANL, Miss.
St., Claremont-Ferrand, Mainz
Data Acquisition Ohio U., Rutgers U.
Simulations LATech, UMass/Smith, UC Berkeley

Krishna S. Kumar

Strong Collaboration being formed

~ 100 authors, ~ 30 institutions

Expertise: A4, HAPPEX, PREX, Qweak, E158
4th generation JLab parity experiment

more foreign participation likely

Parity-Violating Electron Scattering
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Proposal submitted to Nuclear Physics Division of the Department of Energy

sub-system Institutions
polarized source UVa, JLab, Miss. St.
Target JLab, VaTech, Miss. St.
Spectrometer Canada, ANL, MIT, UVa

Integrating Detectors
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Pion Detectors

UMass/Smith, LATech

Tracking Detectors

William & Mary, Canada, INFN Roma

Electronics

Canada, JLab

Beam Monitoring

UMass, JLab

Polarimetry UVa, Syracuse, JLab, CMU, ANL, Miss.
St., Claremont-Ferrand, Mainz
Data Acquisition Ohio U., Rutgers U.
Simulations LATech, UMass/Smith, UC Berkeley

Krishna S. Kumar

Strong Collaboration being formed

~ 100 authors, ~ 30 institutions

Expertise: A4, HAPPEX, PREX, Qweak, E158
4th generation JLab parity experiment

more foreign participation likely

Parity-Violating Electron Scattering

Recent Progress

Director's review chaired by C. Prescott: strong
endorsement and encouragement to proceed

Developed a conceptual design of spectrometer, and a
cost range (~ 20M$)

Funding

Recently submitted a proposal to DoE Nuclear Physics
with a request to enter the CD-n process

collaboration committed to construction project

Potential Schedule
goal is for funding to begin early 2014

goal is for installation in 2016

Possible Beam Time Allocation

Run I: 3 months (6 wks setup + 6 wks data): E158 error

Run II: 6 months: 25% statistics: already world's best
measurement

Run III: 2 years: full statistics with 60% efficiency
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Signal & Backgrounds
| e e

cross-section 45.1 uBarn
Rate @ 75 uA 135 GHz
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb
5(Astat)/A (80% pol.) 2.1%
3(Sin20w)stat 0.00026

December 15, 2009
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Signal & Backgrounds

N 10 s |
I =
e [
cross-section 45.1 uBarn S 1
Rate @ 75 uA 135 GHz
1 0—1 ................................................................
pair stat. width (1 kHz) 82.9 ppm
O(Araw) ( 6448 hrs) 0.544 ppb ,
10”
O(Astat)/A (80% pol.) 2.1%
O(sin?20w)stat 0.00026 107 1
| 1 | | I | | | | I | | | |
0.6 1.1 1.2 1.3

December 15, 2009

e Elastic e-p scattering
- well-understood and testable with data
- 8% dilution, 7.5+0.4% correction
e Inelastic e-p scattering
- sub-1% dilution
- large EW coupling, 4+0.4% correction

- variation of Apy with r and ¢
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Signal & Backgrounds

N 10 s |
I =
s I
cross-section 45.1 uBarn S 1
Rate @ 75 uA 135 GHz
1 _1 ................................................................
pair stat. width (1 kHz) 82.9 ppm 0
O(Araw) ( 6448 hrs) 0.544 ppb ,
10°
3(Astat)/A (80% pol.) 2.1%
O(sin?20w)stat 0.00026 10—3 TP IE o
| 1 | | I | | | | I | | | |
0.6 1.1 1.2 1.3
e photons and neutrons e Elastic e-p scattering
- mostly 2-bounce collimation system - well-understood and testable with data
- dedicated runs to measure “blinded” response - 8% dilution, 7.5+0.4% correction
e pions and muons e Inelastic e-p scattering
- real and virtual photo-production and DIS - sub-1% dilution
- prepare for continuous parasitic measurement - large EW coupling, 4+0.4% correction
- estimate 0.5 ppm asymmetry @ 0.1% dilution - variation of Apy with r and ¢

December 15, 2009 The Physics of Electron-Electron Scattering 52



MOLLER Apparatus

* Polarized Beam

28m e Unprecedented polarized luminosity

e unprecedented beam stability

Chamber First
Toroid

* Liquid Rydrogen Target

e 5 kW dissipated power (2 X Qweak)

G L Bt e computational fluid dynamics

* Toroidal Spectrometer

“Pots” for insertable/
tracking detectors

e Novel 7 “hybrid coil” design

e warm magnets, aggressive cooling

* [ntegrating Detectors

~__ ° build on Qweak and PREX

e intricate support & shielding

- \@ = e radiation hardness and low noise

Y compact structure: plan to make

2 apparatus and sheilding easily removable
K. Kumar 53 The MOLLER Project at Jefferson Laboratory



Statistics & Systematics

parameter MOLLER | E158 | Qweak
Rate 185GHz 1 3GHz "6 Gz Accuracy goals are factors
pair stat. width | 82.9ppm | 200 ppm | 400 ppm of 2 to 10 beyond those of
5(Araw) 0.544ppb | 11ppb | 4 ppb E158 & Qweak
3(Astat)/A 2.1% 10% 3%
0(sin?6w)stat 0.00026 0.001 0.0007
source of error % error
Irreducible Backgrounds: absolute value of Q? 0.5
e Elastic e-p scattering beam second order 0.4
- well-understood and testable with data longitudinal beam polarization 0.4
- 8% dilution, 7.5+0.4% correction inelastic e-p scattering 0.4
e Inelastic e-p scattering elastic e-;.a scattering 0.3
- sub-1% dilution beam first order 0.3
- large EW coupling, 4+0.4% correction pions.and muons 0.3
e ; transverse polarization 0.2
- variation of Apy with r and ¢
photons and neutrons 0.1
Total 1.0

K. Kumar
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Technical Challenges

~ 150 GHz scattered electron rate
- Design to flip Pockels cell ~ 2 kHz

L4

- 80 ppm pulse-to-pulse statistical fluctuations
» Electronic noise and density fluctuations < 10~
* Pulse-to-pulse beam jitter ~ 10s of microns at 1 kHz

* Pulse-to-pulse beam monitoring resolution ~ 10 ppm and few microns at 1 kHz

1 nm control of beam centroid on target

- Modest improvementin polarized source laser controls
- Improved methods of “slow helicity reversal”

> 10 gm/cm? target needed
- 1.5 m Liquid Hydrogen target: ~ 5 kW @ 85 1A

Full Azimuthal acceptance with o,,, ~ 9 mrad

- novel two-toroid spectrometer

L4

L4

L4

- radiation hard, highly segmented integrating detectors

Robust and Redundant 04% heam polarimetry

- Plan to pursue both Compton and Atomic Hydrogen techniques

L4
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Technical Challenges

* ~ 150 GHz scattered electron rate o Currently, design and RED being done with

I . : 1 students and postdocs part-time
pesionTo Hipifrackelsioell + o ki _ e0nededicated postdoc focused on
- 80 ppm pulse-to-pulse statistical fluctuations gpeetrometer (thanks!)

 Electronic noise and density fluctuations < 10-5 ® Engi"eeri"g adviece is ”pro—bo"o” righf now
* Pulse-to-pulse beam jitter ~ 10s of microns at 1 kHz
* Pulse-to-pulse beam monitoring resolution ~ 10 ppm and few microns at 1 kHz

1 nm control of beam centroid on target

- Modest improvementin polarized source laser controls collaborafio" is
- Improved methods of “slow helicity reversal” prep al’ih ga

> 10 gm/cm? target needed e ERE
- 1.5 m Liquid Hydrogen target: ~ 5 kW @ 85 A prlorlflzed K@V
plan, but the

Full Azimuthal acceptance with o,,, ~ 9 mrad -
spectrometer is at

- radiation hard, highly segmented integrating detectors fhe ‘I'Op Of fhe IiS‘l’
Robust and Redundant 04% heam polarimetry

- Plan to pursue both Compton and Atomic Hydrogen techniques

L4

L4

L4

L4
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Spectrometer Concept
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Spectrometer Concept
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Spectrometer Concept

1 2 _— %307 Moller and elastic ep electron tracks
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Spectrometer Concept
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Spectrometer Concept
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Detector Systems

e Integrating Detectors:
' - Moller and e-p Electrons:
* radial and azimuthal segmentation
* quartz with air lightguides & PMTs
- pions and muons:
* quartz sandwich behind shielding

lumidosity ~ luminosity monitors |
neutres ‘ * beam & target density fluctuations

Y
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Detector Systems

2y,

e Integrating Detectors: optimized for robust

- Moller and e-p Electrons:  background subtraction
* radial and azimuthal segmentation

* quartz with air lightguides & PMTs

- pions and muons:
* quartz sandwich behind shielding

neutrals

inosity ~ luminosity monitors

* beam & target density fluctuations

K. Kumar

Y
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Detector Systems

optimized for robust

e Integrating Detectors: :
I i - Moller and e-p Electrons:  background subtraction
* radial and azimuthal segmentation
L e 2 * quartz with air lightguides & PMTs N —
- - pions and muons:
* quartz sandwich behind shielding —

lmifsity  ~ luminosity monitors
neutrals >

* beam & target density fluctuations

7

o
|

e Auxiliary Detectors

- Tracking detectors

* 3 planes of GEMs/Straws

* Critical for systematics/
calibration/debugging

- Integrating Scanners
* quick checks on stability
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Detector Systems

e Integrating Detectors: optimized for robust

- Moller and e-p Electrons:  background subtraction
* radial and azimuthal segmentation

* quartz with air lightguides & PMTs
- pions and muons:
* quartz sandwich behind shielding

lmifsity  ~ luminosity monitors
neutrals >

* beam & target density fluctuations

7

o
|

e Auxiliary Detectors

- Tracking detectors

* 3 planes of GEMs/Straws

* Critical for systematics/
calibration/debugging

- Integrating Scanners
* quick checks on stability

Collaboration physicists will
continue to define and optimize

the full suite of detectors

K. Kumar 57 The MOLLER Project at Jefferson Laboratory



mid-70s

Polarized Moller Scatterin
— — (— —

ABSTRACT

The longitudinal polarization of the new Yale-SLAC polarized electron beam
has been determined at laboratory energies between 6.47 and 19.40 GeV. Spin-
dependent elastic electron-electron scattering (Mfller scattering) has been found

to be a practical technique for polarization measurements at high energies. The

Krishna S. Kumar Parity-Violating Electron Scattering
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mid-70s

Polarized Moller Scattering

—C — G —

ABSTRACT Iron Foil
The longitudinal polarization of the new Yale-SLAC polarized electron beam
has been determined at laboratory energies between 6.47 and 19.40 GeV. Spin-
dependent elastic electron-electron scattering (Mfller scattering) has been found
to be a practical technique for polarization measurements at high energies. The Helniholtz B Field

(OTl = Oll) 5 _sin2 (9(7—|—COS2 9)
(ery +o1)  (3+cos?0)?

parity-conserving purely QED effect
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mid-70s

Polarized Moller Scattering
L L _— =

ABSTRACT Iron Foil

The longitudinal polarization of the new Yale-SLAC polarized electron beam
has been determined at laboratory energies between 6.47 and 19.40 GeV. Spin-
dependent elastic elegctron-electron scattering (Mfller scattering) has been found
to be a practical technique for polarization measurements at high energies. The Helniholtz B Field

(OTl_Oll) 5 Sin2 (9(7—|—C0829)
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mid-70s

Polarized Moller Scattering
L L _— =

ABSTRACT Iron Foil

The longitudinal polarization of the new Yale-SLAC polarized electron beam
has been determined at laboratory energies between 6.47 and 19.40 GeV. Spin-
dependent elastic electron-electron scattering (Mfller scattering) has been found
to be a practical technique for polarization measurements at high energies. The Helniholtz B Field

(OTl—Oll) 5 Sin2 9(7—|—C0829)

parity-conserving purely QED effect

(011 +0y) (3 + cos? 0)?
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l
0.8t b
" very forward angle, small COM energy
\
06r ! {symmetry e polarized target electrons: Fe foil
\ . :
ol \ | e Large cross-section; well-known double-spin
' \ 990 (b/sr) asymmetry
\38ab
o2k W | e Accepted method to measure electron beam
- SN polarization
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Spectrometer Engineering

No funding yet, but need engineering before we fine-

We face the usual “chicken and egg” story: tune opftics, define footprint, estimate cost and risk

e Magnet Advisory Committee formed

- George Clark (TRIUMF), Ernie Ihloff (MIT-Bates), Vladimir Kashikhin (Fermilab),
Jim Kelsey (MIT-Bates), Dieter Walz (SLAC) & Robin Wines (JLab)
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Spectrometer Engineering

No funding yet, but need engineering before we fine-

We face the usual “chicken and egg” story: tune opftics, define footprint, estimate cost and risk

e Magnet Advisory Committee formed

- George Clark (TRIUMF), Ernie Ihloff (MIT-Bates), Vladimir Kashikhin (Fermilab),
Jim Kelsey (MIT-Bates), Dieter Walz (SLAC) & Robin Wines (JLab)

Optics Optimization and Engineering Feasibility
One dedicated postdoc under my supervision The hybrid toroid is the heart
with occasional free engineering advice of the apparatus

Proposal field map achieved with
buildable coil configuration
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Spectrometer Engineering

No funding yet, but need engineering before we fine-

We face the usual “chicken and egg” story: tune opftics, define footprint, estimate cost and risk

e Magnet Advisory Committee formed

- George Clark (TRIUMF), Ernie Ihloff (MIT-Bates), Vladimir Kashikhin (Fermilab),
Jim Kelsey (MIT-Bates), Dieter Walz (SLAC) & Robin Wines (JLab)

Optics Optimization and Engineering Feasibility
One dedicated postdoc under my supervision The hybrid toroid is the heart
with occasional free engineering advice of the apparatus

Proposal field map achieved with
buildable coil configuration

Could use real engineering
effort by Summer 2011
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HAPPEX-III Error Budget

Compton + Moller polarimeters

/f

= B Polarization from Moller

= E e Spot Moves

3 ]

E Lol ﬁ I

E il Ir %

E ot {

E It t ! }

= |

;Ti 700 W
Charge accumulated (C)

6Apy 6Apy / Apy

(Ppm)
Polarization 0.202 0.85%
Q? Measurement 0.160 0.67%
Backgrounds 0.194 0.82%
Linearity 0.129 0.54%
Finite Acceptance 0.048 0.20%
False Asymmetries 0.041 0.17%
Total Systematic 0.353 1.49%
Statistics 0.776 3.27%
Total Experimental 0.853 3.59%

Linearity Studies

HRS Backgrounds

more later from Megan Friend, CMU

Spectrometer Calibration
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i more later from I;upesh Silwal, UVa
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Systematic
uncertainties are
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experiment is

statistics !
dominated

Kent Paschke
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Considering only the 4 HAPPEX measurements

HAPPEX-III (2011) -—o—-—- G;+0.52G;, Q’=0.624 GeV?
*High precision HAPPEX-Il He (2006) —— G Q* = 0.078 GeV?
+Small systematic error
HAPPEX-I (1999) ¢ G;+0.39G;, Q°=0.479 GeV?
I ! I ! | ! l ! I ! I ! I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0 N ® HAPPEXHI FormFactor error
— B = GO (FORWARD)
+ 010 ® HAPPEX-H
'Ibl-u - ¥ MAMI A4 (different n) .
0.05— * {
- [ l
- [ A, RS
0.00~ L e e i Ai- .................................. g
-0.05—
-0.1 0 B 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0 2
Q
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Nuclear Structure:

Symmetry energy variation with neutron

density is a fundamental observable that remains elusive.

50

40

30

E/N (MeV)

20

10

FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational
calculations and the crosses are SkX. The neutron density is in
units of neutron/fm?.

| B.A. Brown [PRL 85, 5296 (2000)]

0.0

0.1

0.2 0.3

neutron density

Reflects poor understanding of
symmetry energy of nuclear
matter = the energy cost of N = Z

E(n,x) = E(n,x=1/2) +(1 - 2x%)

. ratio
n = n.m. density X = proton/

neutrons

«Slope unconstrained by data

«Adding R, from 2°8Pb will
eliminate the dispersion in
the plot.

Slide adapted from J. Piekarewicz

ale UNIVERSITYsf VIRGINIA

Kent Paschke
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From 298Pb to a Neutron Star
Crust Thickness

R, calibrates the equation of state of Explain Glitches

neutron rich matter in Pulsar
Frequency ?

A NEUTRON STAR: SURFACE and INTERIOR
. ‘Swiss Spaghetu

CORE:

0 v
Homogeneous E p ! oo
LA | ¥ A

Matter

Crab Nebula

0| CRUST:

Neutron
Superfluid

s ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

-

Combine PREX R, with

observed neutron star radii a - J- Polat cap
Phase Transition to “Exotic” Core ? . £ n?nggf!%zg
Y b e

lines

Some neutron stars seem too
COId - Neutron Superfluid

- - — - . | Neutron Superfluid +
Cooling by neutrino emission (URCA) : Neutron Vortex  Proton Superconductor
i 4 Neutron Vortex

Rn - Rp > 0.2 fm URCA probable, else not : Magnetic Flux Tube



PREX
Physics
Output

Atomic
Parity
Violation

Slide adapted from
C. Horowitz

see later talk in last session

Measured Asymmetry

Correct for Coulomb
Distortions

|

Weak Density at one Q?

Neutron Density at one Q2

|

Assume Surface Thickness
Good to 25% (MFT)

20% corrections,

_— calculated to precision

by multiple groups

& Other
Models

'A‘

ale UNIVERSITYsf VIRGINIA
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Challenging Experiment

Similar to the HAPPEX measurements
e Use Hall A spectrometers
* integrating technique

10X more precise than any
previous e-nucleus scattering!

Beam False Asymmetries

Electronics noise S.ource optimization - reduce position
difference and spot-size asymmetry
Injector magnetic spin manipulation

New modulation system for calibrating

corrections see later talk by
Transverse Asymmetry gob Michaels

new low-noise ADCs

Ultimate goal:
20 ppb absolute measurement Target survivability

o .
3% relative error Precise kinematics calibration

O(Apy)/Apy ~3%  Low energy electron beam Water cell calibration

O(R, )R, ~ 1% polarimetry High rate tracking with GEMS
o Compton Polarimeter Low current beam position

see later talk by upgrade IR to Green light monitors

Luis Mercado Integrating photon detection

Moller Polarimeter
upgrade to SC magnet

FADC DAQ upgrade see later talk by Zafar Ahmed

UNIVERSITY¢ VIRGINIA Kent Paschke APS April Meeting, Anaheim, CA - May 1, 2011
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High Resolution Spectrometer

| Carbon Carbon -
GI"OUﬂd Lead 3- State
State Lead /

/ Lead 4- State \

\Carbon 15t Excited State

=) IIIIII|

d State
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1.054 1.056 1.058 1.06 1.062 1.064
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C 1st excited state
Pb excited states Ground States

Detector integrates the elastic peak.

Backgrounds from inelastics are suppressed. Negligible contributions from inelastic
events rescattering in spectrometer

S
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) HWP OUT/Wien R A=19.858 +/- 9.670 nm, dof=60 , 7= 0.98, P=0.52 . .
diff_bpmdax | \,wp inwien R A=7.409 +/- 8.630 nm, dof=72 , °= 1.39, P=0.02
|HWP OUT/Wien L A=17.617 +/- 6.096 nm, dof=91 , y*= 1.18, P=0.12 a rl y u a I y e a m
WP IN/Wien L A=21.3 . 4 220 n a PR ]
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-0.]|

AVG + A=20.767 +/- 4.653 nm, dof=150, y"= 1.16, P=0.08
AVG- A=13.136 +/- 5.104 nm, dof=164 , ,.{‘I= 1.27, P=0.01
AVG A=3.860 +/- 3.453 nm, dof=315, x2- 1.42, P=0.00
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) WP OUT/Wien R A=12.985 +/- 11.020 nm, dof=60 , ;°= 0.97, P=0.54
diff_bpm12x |jywp IN/Wien R A=24.027 +/- 10.961 nm, dof=72 , y*= 1.17, P=0.15

<X, - X,> for helicity L,R 0.15 e g i Lol
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Injector spin manipulation
proved important for
cancellation
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Systematic Errors

cror source | abolte_pom) el %)

Polarization (1) 0.0071 1.1
Beam Asymmetries (2) 0.0072 1.1
Detector Linearity 0.0071 1.1
BCM Linearity 0.0010 0.2
Rescattering 0.0001 0

Transverse Polarization 0.0012 0.2
Q2 (1) 0.0028 0.4
Target Thickness 0.0005 0.1
12C Asymmetry (2) 0.0025 0.4
Inelastic States 0 0

TOTAL 0.0130 2.0

(1) Normalization Correction applied

(2) Nonzero correction (the rest assumed zero)
I ———————————————————
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Landmark Result

E122 Data

(circular polarizer)
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Landmark Result

E122 Data

Rapid Reversal
(random) ¢

E -----

F _/ ?\_ F

Pockels Cell
(circular polarizer)
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Beam

Calorimeter

= ) FWED—L
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electron flux [ : quartz

@l

M

"Flux Integration”:
Allows counting at high rates

Spectrometer directs flux to
background-free region
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Landmark Result

E122 Data e
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"Flux Integration”:
Allows counting at high rates

Spectrometer directs flux to
background-free region
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Landmark Result

Rapid Reversal
(random) ¢

S

B

Pockels Cell
(circular polarizer)

5 : Stanford Linear Accelerator Center
Calcite Prism

(linear polarizer)

Slow Reversal
(rotated by 90°)

J. E. Clendenin, V. W. Hughes, N. Sasao,H.
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ABSTRACT
We have measured parity violating as‘ymme'.tries in the inelastic scat-
tering of longitudinally polarized electrons from deuterium and hydrogen.
For deuterium near Q2 = 1.6 {(GeV/c)? the asymmetry is (=9.5 x 16.5) Q?

with statistical and systematic uncertainties each about 10%.

*Parity Violation in Weak Neutral Current Interactions
osin’Oy, = 0.224 + 0.020: same as in neutrino scattering
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We have measured parity violating asymmetries in the inelastic scat-

tering of longitudinally polarized electrons from deuterium and hydrogen.
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ABSTRACT

For deuterium near Q% = 1.6 {(GeV/c)? the agymmetry is (-9.5 x 10-5) Q?

with statistical and systematic uncertainties each about 10%.
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*Parity Violation in Weak Neutral Current Interactions
osin’Oy, = 0.224 + 0.020: same as in neutrino scattering
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The Stglii_ 291018'd Model

of Electroweak (EW) Interactions

For electroweak (EW) interactions, there are three parameters needed:

1. Scale of electromagnetism i.e. the fine structure constant
2. Scale of the weak interaction i.e. the W boson mass
3. Weak mixing angle i.e. the ratio of W and Z boson masses

Parameters are chosen from three
precise experimental measurements:

1. electron g-2
2. The muon lifetime
3. The Z line shape

ete colliders 0 = — s
LEP (CERN) and SLC (SLAC) Vs [GeV]
e'e =272 = 1" qq
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12 GeV Upgrade at JLab

6 GeV CEBAF

20 cryomodules

o= ' Two 0.6 GV linacs
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12 GeV Upgrade at JLab

6 GeV CEBAF

Upgrade magnets
and power supplies

20 cryomodules

Add 5
cryomodules Two 0.6 GV linacs
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12 GeV Upgrade at JLab

6 GeV CEBAF N

Upgrade magnets
and power supplies

20 cryomodules

Add 5
cryomodules Two 1.1GV linacs
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12 GeV Upgrade at JLab

11 GeV CEBAF N

Upgrade magnets
and power supplies
20 cryomodules
Add 5
cryomodules Two 1.1GV linacs

Enhanced capabilities
in existing Halls

Lower pass beam energies
still available

Krishna S. Kumar Parity-Violating Electron Scattering



12 GeV Upgrade at JLab

12 GeV CEBAF D
Upgrade magnets

and power supplies

20 cryomodules

Add 5
cryomodules Two 1.1GV linacs

Enhanced capabilities
in existing Halls U

Krishna S. Kumar

Lower pass beam energies
still available
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12 GeV Upgrade at JLab

12 GeV CEBAF D

Upgrade magnets
and power supplies

20 cryomodules

Add 5
cryomodules Two 1.1GV linacs

Enhanced capabilities
in existing Halls U

Krishna S. Kumar

Lower pass beam energies
still available

Parity-Violating Electron Scattering



First ever model-independent constraint on neutron skin

PREX Plans

But ultimate goal is to get ~ 0.5 fin!

® Plan to make necessary beamline
modifications to ensure efficient running
® Propose to come back either just before
or just after 12 GeV upgrade shutdown

® Thinking about new experiment on 4Ca

Krishna S. Kumar Parity-Violating Electron Scattering
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First ever model-independent constraint on neutron skin

PREX Plans

But ultimate goal is to get ~ 0.5 fin!

® Plan to make necessary beamline
modifications to ensure efficient running
® Propose to come back either just before
or just after 12 GeV upgrade shutdown

® Thinking about new experiment on 4Ca

48Cg

* Far from 28Pb

* Compare to ¥Ca

*2 & 3 nucleon forces

* double-beta decay nucleus

Krishna S. Kumar

Statistical error at JLAB Hall A:

assuming |00UA, 5°for 30 days

E Rate A,y R, t(1%)

(GeV)| MHZ| ppm | % | days

208Pp | 1.05 | 1700 | 0.72 | 0.66 | 13
1.8 | 53 | 2.1

'205n | 1.2 | 1080 | 1.06 | 0.56 | 9.4

“Ca | .7 | 270 | 22 | 043 | 5.5
2.1 21 2.8

C. Horowitz and R. Michaels
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73



First ever model-independent constraint on neutron skin

PREX Plans

But ultimate goal is to get ~ 0.5 fin!

® Plan to make necessary beamline
modifications to ensure efficient running
® Propose to come back either just before

or just after 12 GeV upgrade shutdown
® Thinking about new experiment on 4Ca

48Cg

* Far from 28Pb

* Compare to ¥Ca

*2 & 3 nucleon forces

* double-beta decay nucleus

Robust, sub-1% neutron skin

measurement will have lasting impact:

Krishna S. Kumar

Statistical error at JLAB Hall A:
assuming |00UA, 5°for 30 days

E Rate A,y R, t(1%)

(GeV)| MHZ| ppm | % | days

208Pp | 1.05 | 1700 | 0.72 | 0.66 | 13
1.8 | 53 | 2.1

'205n | 1.2 | 1080 | 1.06 | 0.56 | 9.4

“Ca | .7 | 270 | 22 | 043 | 5.5
2.1 21 2.8

C. Horowitz and R. Michaels

e many body nuclear theory
e constrain symmetry energy and its
derivative @ nuclear density
e heutron star physics

Parity-Violating Electron Scattering
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Qweak Jetterson Lab

recision Measurement of the Proton’s Weak Charge

Elastically Scattered Electron

Luminosity
Monitors

Region I, Il and Ill detectors are for Q2
measurements at low beam current

Region Il
Drift Chambers

Toroidal Magnet

Region Il
Drift Chambers

Region |
GEM Detectors
\7 \

- \ 35 cm Liquid Hydrogen Target
Polarized Electron Beam, 1.165 GeV, 150 pA, P ~ 85%

Eight Fused Silica (quartz) Cerenkov Detectors - §
Integrating Mode ‘

*Design and construction over past several years
*Successful installation and commissioning
eData ~ 2010 thru mid-2012

: New, complementary constraints on lepton-quark
*25% of production data accumulated

interactions at the TeV scale
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Systematic Errors

source of error % error
absolute value of Q2 0.5
beam second order 0.4
longitudinal beam polarization 0.4
inelastic e-p scattering 0.4
elastic e-p scattering 0.3
beam first order 0.3
pions and muons 0.3
transverse polarization 0.2
photons and neutrons 0.1
Total 1.0

Krishna S. Kumar Parity-Violating Electron Scattering



Systematic Errors

source of error % error
absolute value of Q? 0.5
beam second order 0.4
longitudinal beam polarization 0.4
inelastic e-p scattering 0.4
elastic e-p scattering 0.3
beam first order 0.3
pions and muons 0.3
transverse polarization 0.2
photons and neutrons 0.1
Total 1.0

e | order beam helicity correlations HAPPEXII

p | X position differenc X angle difference |
0E F

- position to 0.5 nm, angle to 0.05 nrad

- active intensity, position and angle feedback wE s :'24 nrad

e |l order beam helicity correlations wE

- control laser spotsize fluctuations to 10-*

- slow flips with Wien filter and g-2 energy flip i . :

-40 -30 -20 -10 0 =10 20
micron

Krishna S. Kumar Parity-Violating Electron Scattering




Svstematlc Errors

e transverse beam pol

- kinematic separation allows

- Absolute value of Q2

- experience with HAPPEXII

source of error | %error

AR S et S A e AT B ST e s S Y
absolute value of Q2 0.5
beam second order 0.4
longitudinal beam polarization 0.4
inelastic e-p scattering 0.4
elastic e-p scattering 0.3
beam first order 0.3
pions and muons 0.3
transverse polarization 0.2
photons and neutrons 0.1
Total 1.0

Krishna S. Kumar

| order beam helicity correlations

position to 0.5 nm, angle to 0.05 nrad

active intensity, position and angle feedback
Il order beam helicity correlations
control laser spotsize fluctuations to 10-*

slow flips with Wien filter and g-2 energy flip

Parity-Violating Electron Scattering

e longitudinal beam polarization
- strive for redundant, continuous monitoring

- pursue both Compton and Atomic Hydrogen

arization

online monitoring

- slow feedback using Wien filter

- dedicated tracking and scanning detectors

& Qweak

- easier than elastic e-p scattering

HAPPEXII

X angle difference |

| X position differenc
10°F

E. U \
-40 -30 -20 -10 0 =10 20 30 40 50

micron

—-0.26} +Y0.24 nrad




Polarized Beam

conduction band

High doping for 10-nm
GaAs surface overcomes

/charge limit.

<4 GaAs

GaAsg g5P 05

) -1/2 +1/2
circularly T 10 nm 5x 1019 cm'?’
olarized 17 .
p R 90 nm 5x10 cm 3
E,=143eV
N> 2.5 pm
780 - 850 nnL
232 valence band +3/2 -
By 0.05 eV 2.5 pm
12 —— +1/2 -

GaAs; osPo 34 | Low doping for most of
active layer yields high
polarization.

GaAs -y Py

y=0->0.34

"strain" boosts polarization, but

GaAs substrate

infroduces anisotropy in response

2510
Parameter E158 NLC-500 .
Charge/Train | 6 x 10! 143 x 10! § "
Train Length | 270ns 260ns S 15107
Bunch spacing | 0.3ns 1.4ns ; L 10"
Rep Rate 120Hz 120Hz % .
Beam Energy |45 GeV 250 GeV W
e Polarization | 80% 80%

| FRRPERR S

New cathode

A
P

«_.~Old cathode
K& /l}

0 50 100 150 200 250
Laser Power (uJ)



E158 Collaboration & Chronology

Parity-Violating Left-Right Asymmetry In Fixed Target Moller Scattering
At the Stanford Linear Accelerator Center

Goal: error small enough to probe TeV scale physics

E158 Collaboration E158 Chronology
T Feb 96: Workshop at Princeton
-Berkeley SLAC Sep 97: SL.AC EPAC approval.
- Mar 98: First Laboratory Review
-Caltech “Smith 1999: Design and Beam tests
-Jefiersonlah  -Syracuse FeNsT .
-Princet UM 2000: Funding and construction
rinceton _ ﬂSS 2001: Engineering run
*Saclay *Virginia 2002-2003: Physics
8 Ph.D. Students 2004: First PRL

L. 2005: PRL on full statistics
60 physicists
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Atomic Parity Violation

*6S — 7S transition in '33Cs is forbidden within QED

eParity Violation introduces small opposite parity admixtures
e/nduce an E1 Stark transition, measure E1-PV interference

®5 sign reversals to isolate APV signal and suppress systematics
eSignal is ~ 6 ppm, measured to 40 ppb

Boulder Experiment Partial Level Structure of Cesium

Noecker et. al (1988) Power build-up cavity
, ( F=100 000 )

Optical

pumping 7S 12 ‘ 2.18 GHz
region
Interaction
region
Dye Laser
(540 nm)
polarizes
the atoms
»|F,m=tF> 6S1,— 9.19 GHz
Re-excitation of the
depleted HF level
deple:lc-lz:s dye laser
one beam |
level fluo

I—» APV signal: odd in
E! Eex’ B! Bp’ Ep
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Raw Asymmetry Statistics

oller Detector Pull, All Pairs Moller Pull 7|
/ Nent= 8.58631e+0

, \ | Mean = 3.147e-06
/ RMS =0.9998

/ \
/ A\
\

/ \
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O.

l

o; = 200 ppm
N = 85 Million

Moller Detector Pull, All Runs

140
120
100
80
60
40
20

+ Moller Pull
Nent =818
Mean = 0.00489
RMS = 1.02
Constant = 128 + 5.691

Mean =0.01049 + 0.03551
Sigma = 0.9948 + 0.02699




Asymmetry (ppm)

Beam Asymmetries

= %
15_. %. Avg.= 0.013+/- 0.311 ppm
05__ . (H4
A
o
05 i
e at 1 GeV
150 e e
0 10 20 30 40 50 60 70 80 90

Time (Mpairs)

bpm24X integrated

Difference (keV)

g% Avg. =-0.092 +/- 1.370 keV
af
2F .
oF i‘
el i Energy difference in
o ¥ Aline
0 110203104105106070810

Position differences <20 nm

Time (Mpairs)

90

= [ /2 out
olL/2in

toroid 2a-2b agreement vs. slug numbe|1
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s LT 71Tl iy or iyt vty
§-1oo—
2 ool Charge asymmetry
g r agreement at 45 GeV
-300 —
0 50 15 20 2
Slug Number
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s gg— Energy difference
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flow outlet

cell = 3" diameter, 150 cm long pipe Iﬁ;\l\
b2
/

flow Inlet 2l
= 5 GO
= ) - bearn-in nipple
: e 5x56 mm*2
0.127 mm thick

CJ-meshes

beam-out nipple

E158-type cell design

December 15, 2009

parameter value
length 150 cm
thickness 10.7 gm/cm?
Xo 17.5%
p, T 35 psia, 20K
power 5000 W

The Physics of Electron-Electron Scattering

scattering
chamber

81



N

Target & Detectors .

flow outlet parameter Value P>

cell = 3" diameter, 150 cm long pipe J{{‘l“\

@f IS length 150 cm
" /

l i ’@,"_':@f e i thickness 10.7 gm/cm2

R

g
CJ-meshes

Xo 17.5%

beam-oul nipple

E158-type cell design

X z p,T 35 pSia, 20K

power 5000 W scattering

chamber
77777777777777777777777777777777 ﬁ O super-elastics

O e+p

e+p tail

O ete
: O ete tail

PMT
Shield
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Target & Detectors,

cell = 3" diameter, 150 cm long pipe
flow inlet

@&._J@;@;ﬁf-@';ﬁi ’

bearm-out nipple

E158-type cell design

. ; 1 meter
e FETTTTTTTT T

December 15, 2009

\v, ",/@ ﬁf/
N S bearn-in nipple

0.127 mm thick

) 00000

by parameter value
_;jz) length 150 cm
/
thickness 10.7 gm/cm?
Xo 17.5%

p,T

35 psia, 20K

power

5000 W

scattering
chamber

super-elastics

etp

e+p tail

ete

ete tail

PMT
Shield

Lead
shield

et+e

e+p ya
s

PMTs

Air Light-guides
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Kinematics

\COM

\

¥ (mrad)

cosO

Quadrupole Quadruplet

- primary & scattered
electrons enclosed
in quadrupoles

- Mollers (e-e) focused,
Motts (e-p) defocused

- full range of azimuth

December 15, 2009

800 upstream of quads

600
400
200 |
'5-1-.,“‘:
10 15

radial distance from beam axis (cm)

30m after quads
1000

800
600
400
200:

anhe
Il'v" e,

P T e PV T

——

15 20 25 30 35 40

radial distance from beam axis (cm)
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remotely
insertable

Cathode

oTSto s | .- T

Camera

athode Diagnostics
Bench

telescope

S-band
Photocathode prebuncher (2856 MHz)
(strained GaAs)

Polarized
\, electrons
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) .
"oo ?‘o IA Feedback Loop

IA cell applies a helicity-correlated
phase shift to the beam.

The cleanup polarizer transforms this
into intensity asymmetry.

.

.
.
.
.

oo remotely

insertable

0 Cathode Camera
target

athode Diagnostics

Bench
telescope
Photocathode (2856 MHz)
(strained GaAs)
Polarized
N\, electrons
December 15, 2009 The Physics of Electron-Electron Scattering ]3



............... - | F k L

Piezomirror can deflect laser beam on a
pulse-to-pulse basis.

Can induce helicity-correlated position
differences.

1S . : o remotely ters)
0 insertable ors (%0 e
o Cathode Camera
OTS to w-r . st

athode Diagnostics
Bench

telescope

S-band
Photocathode prebuncher (2856 MHz)
(strained GaAs)

Polarized
\, electrons
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remotely
insertable

Cathode

OTS to He » ' - target

Camera

“Double” Feedback Loo

Adjusts Acp, Aps to keep IA & Piezo
(st corrections small (~ ppm & ~100 nm).

Very slow feedback (n = 24k pairs).

Polarized
ejectrons
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« Systematis V atic Control

December 15, 2009 The Physics of Electron-Electron Scattering | 83



Beam Monitoring

Position
BPMs

Angle Wire Array
i BPMs 2 palrs of
Thermionic Gun Dithering Coils Dispersive BPMs | Toroilis
3 BPM's,2Toroids  for x,x',y,y'

Mormentum
48 GeV region Definipg Slits

1 GeV region
Polarized Gun \

|
Event by event monitoring at 1 GeV and 45 GeV

Ocnergy = 1 MeV

Oppm = 2 miqrons

_ Storoid = 30 ppm

80—10°[ 150 2
L E " FrmT T T F
3r T
10 g
60— Jf 1.5~ 400 x?=0.83 -
[ 10 é' 1007 -
4010 | E oo ,
oL 0y 200 |- /
sof TEML. . iILI — 50 <
F 10 5 0 5 10 g E 05 q00
C g g 0
0 _— Agreement (MeV) ‘i ol | g ol = L 56 L
L 2 Agreement (ppm)
20 g “ b
C o T .05
C Resolution 0 50| : g | / -
401~ . e / i
C 1.05 MeV Resolution 1 Resolution
E 1.54um ’ 2 26.6 ppm
60— -100 - s - [ ‘
u 15
80— 1l b b e e . i ‘ ‘
80 60 40 20 0 20 40 60 80 b T 50 . s 9w 150 23 a5 a4 05 o 05 1
BPM41 X diff (um) Toroid 1 Asymmetry (%)
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Thermionic Gn
3 BPM's, 2 Toroids

1 GeV region
Polarized Gun

‘1--"'- "uray .
Oenergy < 1 MeV
80 f
G
_10 E
60
L 10
40(-10 £
F e LLL
20:_ A0 5 0 5 10
0 :_ Agreement (MeV)
201
- Resolution
40—
- 1.05 MeV
60—
80f [P AP RPN RPN B AT A

80 60 40 -20 0 20 40 60

December 15, 2009

80

48 GeV region

BPM42 X diff (um)

Dithering Conls
for x,x'y,

-“-------ll----......

S OBPM = 2 MIcronS .

Defining Slits

150 T.‘..""¥#1 ey ....---"'
100 [~ =
50
-5 0 5
o Agreement (um) 7
-50 |- ]
Resolution
1.54um
-100 |~ —
150 | I L
-150 -100 -50 0 50 100

BPM41 X diff (um)

150
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Toroid 2 Asymmetry (%)

Beam Monitoring

Position

05|

-0.5

" Otoro:d = 30 ppm <

wnnnnnbhonnnng,,
L LA Tugy
o® Na,

*
.

.*

"y -
T R

i /
-50 0 50
Agreement (ppm)
/
Ve Resolution
) 26.6 ppm
| . . . | . L . .
-1.5 -1 -0.5 0 0.5 1 15

Toroid 1 Asymmetry (%)
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Liquid Hydrogen Target

@ ~ Refrigeration Capacity 700 W
Operating Temperature 20 K

p d Length 1.5m
Flow Rate 5m/s
Vertical Motion 6 inches

December 15, 2009 The Physics of Electron-Electron Scattering



Liquid Hydrogen Target

P
e
i o

¢ Refrigeration Capacity 700 W
Operating Temperature 20 K
Length 1.5 m
Flow Rate 5m/s
Vertical Motion 6 inches

Pral
P
e
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Simulations

Initial and final state radiation effects in target

rate (GHz)

£13 ;’? 2.2
125 e
s o F 3 different phi distributions
® 1.8/«  one-seventh of the azimuth ——
1.6
1.4 E
12 behind H ”H behind
1~ primary | | | primary
0.8 collimator y L collimator
= 0'6: <«—— | open sector | ——
i |-||||||-.||.||||.|.|||.'|.||||-||.|||--| 0-4j
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Spectrometer Collimation

]
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Spectrometer Collimation

quadrupole

'y

pv\ecision colllmaq:rs

December 15, 2009

The Physics

of Electron-Electron Scattering
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Spectrometer Collimation

3DC2C Precision Collimators
photon Critical for the
collimator

Control of Backgrounds

(soft shadow)

Significant Simulation,
Design and Fabrication

Effort
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Spectrometer Collimation

v |
\
-
/
\

Significant Simulation,
Design and Fabrication

Effort
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Spectrometer Collimation
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Detector Concept

Scziloe (cm) BEAM AXIS

Vacuum Luminosity

N

I Moller
ep Data from Profile Detectors
- 160} quadrupoles off quadrupoles on
movable 140 fmoller A ep ] 200"?°"er ep
- f)rofile detectors |, ,”"9 f \ring ] [ f ; "
\\‘ { ‘
100 | , \ 5 4
. A . 0| T A
4 integrating detectors | \ | oo /0
* profile detectors for | y ‘ )
. . 40T ' | 1 so|mollers: }
calibration mollers) W
0 ; +eps ] eps
, ‘4 o h
Opesst 555 55 Urs 15 775 325 375

radial distance from beamline (cm)
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Integrating Calorimeter

20 million 17 GeV electrons per pulse at 120 Hz 74
*]00 MRad radiation dose: Cu/Fused Silica Sandwich ‘4' S

-State of the art in ultra-high flux calorimetry /\\ , . —
~Challenging cylindrical geometry / v A4 —

Single Cu plate
“ep” ring

“Mgller” ring —Whist | N —

End plate v by ——

g Lead shleld
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integrating calorimeter

Detector C

signal exit window

Profile
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e E158 Analvysis

observed left-right asymmetry distribution
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-Corrections for beam fluctuations
*Average over runs

-Statistical tests

‘Beam polarization and other normalization
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